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Foreword 


Technological innovation, which has given humans dominance over land and water 
and made once scarce resources readily available, is a two-edged sword: it has freed 
much of humanity from the shackles of food and resource scarcity, but it does so at 
the cost of environmental degradation. The latter comes, ironically, from excesses of 
what makes life possible. 

The research that I and my fellow scientists conduct documents the adverse 
impacts of ill-management of natural resources and illuminates solutions to the 
dilemma. Nevertheless, if progress towards sustainability is to be achieved, the 
science must be translated into action. In other words, managing and protecting 
the environment means making decisions on how resources are used. Not all 
decisions are alike. We naturally want the action to solve the problems we face, 
but the likelihood that it does so depends substantially upon how well the 
problem has been defined and the appropriateness of the response. There is no set 
script to guide actions for the manager to follow. Scientific knowledge is ever 
evolving in the context of ever-changing human demands on natural resources 
made ever more complicated within a changing climate. The successful manager 
must know how to construct responses to these difficult challenges on sound 
scientific principles. He or she must know or anticipate, as if instinctively, where 
the sword will slice, and how to seek appropriate scientific guidance. 

Andrew Manale and Skip Hyberg provide an excellent introduction to today’s 
enduring and existential environmental problems, as well as the key scientific 
principles underlying them. The latter are, regretfully, too often neglected. The 
authors have extensive experience in the trenches of programmatic and policy 
battles over whether or not and how to achieve environmental sustainability. 
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Their efforts have not gone without considerable success. I know this is to be so. I 
have known and worked with them for many years in many contexts. Their book, 
targeting the introductory student, the lay person looking for insight into the 
sticky problems of today, and the policy and manager professional needing a core 
grounding in the science, provides a framework for identifying what can work 
towards achieving the goal of an environment in balance and how to measure 
progress. It should be read broadly. 


Rattan Lal 
Distinguished University Professor of Soil Science, SENR 


Director, CFAES Dr. Rattan Lal Carbon Management and 
Sequestration Center 


IICA Chair in Soil Science and Goodwill Ambassador 
for Sustainable Development Issues 


Adjunct Professor at the University of Iceland and the 
Indian Agricultural Research Institute JARI 


Past President, International Union of Soil Science 
December 8" 2020 


Preface 


Possibly, in our intuitive perceptions, which may be truer than our science 
and less impeded by words than our philosophies, we realize the indivisibility 
of the earth — its soil, mountains, rivers, forests, climate, plants, and animals, 
and respect it collectively not only as a useful servant but as a living being. 


— Aldo Leopold (from Thomas Tanner, ed., Aldo Leopold,: the Man 
and His Legacy, Soil and Water Conservation Society, 2012) 


If you are a beginning student in environmental sciences (at college or postgraduate 
level) or a beginning practitioner of environmental management, you should 
read this book. The intended audience also includes nonscientists with a keen 
interest in the environment who will acquire an introduction to the seemingly 
intractable, so-called sticky environmental and natural resource issues vexing 
modern society. Using plain English, we explain the core scientific principles 
underlying environmental management — everything goes somewhere and 
gravity is omnipresent—, presuming only a rudimentary background in the basic 
sciences. We build upon the readers’ innate knowledge of these principles to 
provide a framework for understanding how elemental components of the natural 
world interlock. Stressing the importance of observation (and measurement as 
necessary), we provide tools for identifying options in managing problems and, 
by building upon what they know, bolster readers’ confidence in applying these. 
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Readers will learn to ask questions that help unravel the complexity of 
environmental and resource management. You will learn to see how seemingly 
disparate headline-grabbing issues, such as ever more severe flooding, persistent 
water quality problems and even climate change, interconnect. We use basic 
insights, “easy rules,’ that use common sense and direct observations/ 
experiments (empirical knowledge), to explain the core scientific principles 
underlying environmental management and how these relate to the basic 
functioning (the balancing of environmental cycles) of our natural world. The 
book draws upon case studies (“stories”) derived primarily from temperate 
ecosystems in and around agricultural systems and the modified, i.e., human- 
altered environment. The examples apply broadly not just to the United States but 
also to other parts of the world with developed agroecosystems. Experiments 
engage the reader in observational exercises that use their personal experience to 
reinforce and extend their understanding of the basic principles. 

The framework is not just an academic exercise. It is a tool that can be employed 
to avoid environmental missteps and make conservation efforts more effective. We 
give examples illustrating the critical role that observation and monitoring play in 
assessing the effectiveness of a plan and the power of environmental accounting. 
We will help the reader see how soils provide critical environmental services that 
support the quality of air and water and interact with every component in our 
biosphere. 

The first chapters provide an introduction to key scientific concepts and then 
relate this science to issues of environmental and natural resource management. 
Later chapters guide the reader along in seeing how human actions affect natural 
resource quality and why it matters. The case studies illustrate how poorly 
conceived management strategies to address one problem can have unintended 
effects that create larger problems. The case studies show the consequences of 
not examining the full path of materials as they move through the environment 
and not making a comprehensive accounting of where they go. Poor decisions, 
with few exceptions, lead to poor outcomes. The examples give the reader the 
opportunity to apply the methods and tools in asking what went wrong and what 
could make the situation right. We conclude with a discussion of when 
cooperative action is necessary and the role of public policy. 

With the completion of this book, the reader will be able to recognize how major 
environmental problems relate to each other and to identify shortcomings of 
practices and policies for managing them. Most importantly the reader will 
recognize that to make even small strides toward fixing today’s major 
environmental and natural resource issues requires that the basic principles be 
incorporated into any strategy. 

This book is not is a chemistry, biology, ecology, or physics text that grounds 
the beginning or advanced student in the core knowledge of the respective 
science. Rather, this book equips you with a basic understanding of core concepts 
in environmental management and a sensitivity to the complexity of persistent 
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environmental and natural resource problems, challenging you to delve deeper by 
providing recommendations for additional reading and more detailed answers. In 
doing so, we draw upon many scientific disciplines, including the social sciences 
and, from them, distill the essential lessons for the introductory student or 
informed layperson with an interest in resource management. Although the 
messages are based upon numerous laws of science, as noted above, we leave 
more in-depth instruction in these subject areas to others. We demonstrate how 
drawing upon a few core principles helps you identify the areas of expertise you 
need to develop for your career, to interact with professionals with the expertise 
in these sciences, to develop appropriate strategies, and to ask critical questions 
regarding proposed alternative management options. With these skills, you will 
understand better the processes affecting climate change, water quality, floods 
and droughts, soil health, habitat loss, and water quality degradation and how 
they interrelate. By the concluding chapter, it should be clear to you why and 
how the above problems act as systems problems that require systems solutions. 
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Part I 
The Basics or How Stuff Happens 


Chapter 1 
Introduction 


Conservation is a cause that has no end. There is no point at which 
we will say our work is finished. 
— Rachel Carson 


All of us experience at times the occasion where we read something that elicits the 
response: ‘That’s obvious, I knew that.’ And we did. This same deep-down 
understanding of something to which you may have never been exposed but 
about which you intuitively know can help fathom environmental issues and 
judge proposals that address them. We are all scientists in the early years of our 
lives. As infants we conduct experiments to gauge the workings of our 
environment. To the mother’s or father’s lament, the child takes the cup and 
spills the contents on the ground. We learn that things fall when there is no 
opposing force, i.e. the hand, preventing it from doing so. Do you not remember 
tossing the contents of a cup into the air and laughing as it projects for a short 
period of time upward until it succumbs to some force that brings it back down to 
earth? 

We as infants and young adults learn important truths or concepts in general basic 
ways. What we learn about how our physical world functions form our initial view 
of the world, that is, our understanding of what happens when an action is taken. 
Water flowing out of a glass always falls down; it does not go up or float in the 
air. Our developing brains begin to link an action, with a reaction, a cause with 
an effect. We know nothing about gravity, at this point in our lives, yet we begin 
to know what it does to objects. In fact, we can observe a baby drop objects 
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intentionally, seemingly to see what will happen. Is the infant experimenting to find 
exceptions in what is developing as a rule in her perception of her surroundings and 
how they function? Perhaps this experimentation explains children’s love of 
helium-filled balloons. Or is her laughing because the action has indeed become a 
game, one where she begins to know the answer and anticipates subsequent 
actions as her parents respond to the bouncing or splashing outcome? Maybe 
both. In time, we no longer need to continue this experiment, we intuitively 
understand this scientific principle. Later, when it is explained to us in school, 
we grasp the concept immediately. It makes sense since the principle conforms to 
our experiential understanding of how the world works. Because we already 
understand the concept, we use this as a central principle that allows us to 
examine how changes ripple through our environment. 

Childhood experimentation also taught us a second central organizing 
principle for how the world works and, of relevance here, something basic about 
environmental management -— everything goes somewhere. Adults play 
peek-a-boo with infants. This teaches the concept of object permanence. You 
learned your parents did not disapparate (as Harry Potter would) when they left 
the room and you know that water does not disappear when it runs off the 
driveway or soaks into your lawn. This rule applies to all things; this book will 
help you extend this concept to the core principle — all mass is conserved — it is 
neither created nor destroyed. Intwined in this concept is the fact that although 
mass is conserved, materials can change physical and or chemical form. You 
know that even though liquid water can freeze into ice or evaporate, the water is 
still there. At the more complex molecular level — chemicals change from one 
form to another. Yet the atoms that comprise the original molecules still exist in 
the same quantity after each change. We will demonstrate to you why this is 
important in environmental management for you to know where things go. We 
help you follow where things go even as they change form. 

The understanding that we develop at an early age addresses our own particular 
everyday needs. By rediscovering these tools, we enhance them. You begin to ask 
questions left unanswered or unexplored earlier and learn how to build new 
databases necessary for an ever more technical and complicated world. The 
object moves out of sight. What then? We will explore where it goes and how 
you will know where to look. 

Because you already have a sense regarding how these two principles work, 
you possess a foundation from which to analyze critical environmental issues. 
However, they do not suffice for other, more complex ones. The book will 
add to these two principles a third — natural processes maintain a relatively 
constant ratio between carbon, nitrogen, and phosphorus in the biosphere 
and does this by keeping a balance among the atmospheric, oceanic, 
terrestrial, soil, and biologic pools for each element. This process operates at 
different time frames for different elements and media, so disruptions can 
reverberate for long periods. 


Introduction 5 


With the principles identified and explained, we add a few tools that you already 
know how to use. They are these: observe, measure, record, ask, and challenge. 
Through most of this book we present experiments that can be completed simply 
by the exercise of watching and seeing what happens. Often, it will be 
demonstrated that using recorded observations (data) will reveal changes that 
would not be noticed without someone having taken measurements. When we get 
to looking at case studies you will see that asking questions and challenging 
assumptions can help better understand a system and reveal potential undesired 
consequences. 

With these core principles and the tools to use them, you have a foundation 
for examining how the environment reacts to changes brought about naturally 
and by human disruption of natural processes. You can use this foundation to 
identify a curriculum of study, examine proposed environmental management 
strategies, and interact with professionals involved in developing and 
implementing environmental management plans. For readers engaged in policy 
development or implementation or concerned about big environmental or 
natural resource issues, we provide you with a framework to use in evaluating 
options or strategies. 


1.1 USING THE TOOLS 


Predicting the consequences of actions and reactions beyond simple events that we 
can readily and repeatedly observe demands the recording of observations and often 
the analysis of these data. At times developing the questions to ask the data and 
assessing the answers can be more difficult than the observing and recording of 
data. This is because the question one asks leads to the methods to generate the 
data to answer the question. Bad questions lead to useless data. Good questions 
lead to useful data that help advance the inquiry. 

As an illustration, let us consider the following example. Being told there is 25% 
chance of rain may not provide the information we want to know. Let us assume we 
know that the forecast provides the average probability of rain over the entire 
metropolitan area, but we know from experience that storms do not always 
spread evenly over our area. Thus, a 25% probability of rain for this forecast may 
not mean a 25% probability of rain for the specific area where we live. Perhaps 
we are more willing to wait out a short storm than carry an umbrella. In that case 
our concern is the duration of potential precipitation. Is it predicted to be a brief 
shower or a longer event? Or maybe we don’t mind getting damp, but we don’t 
want to be drenched. Then our interest is in the intensity of the predicted storms. 
In each of these cases we want know more than was provided by a general 
weather summary. The point here is asking better questions helps generate better 
information so you know whether or not to take an umbrella — in other words a 
better decision. 
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1.2 ASKING BETTER QUESTIONS 


If we are to understand better the consequences of what appears to us as natural 
phenomena, especially where these do not seem to conform to our immediate 
experience, we need to know how to identify what questions to ask. Better 
understanding these events also helps us to avoid potential negative consequences 
(e.g. when to take action, what actions are enough, and do we need to modify our 
behavior). The point of asking better questions is to generate that amount of 
information to differentiate among choices. In most cases, the choice is between 
yes and no. In others, it may be short list of options. We generally only need just 
enough information to confirm or overturn our biases (predispositions). 

Asking better questions means knowing what are the key factors that influence 
outcomes. In the following discussions of how and where formulating better 
questions is needed, we guide you to where to look and how to get better 
answers. This in turn will help you understand how factors influence outcomes 
and their relative importance, all of which leads to better decisions. 


1.3 ORGANIZATION OF THE CHAPTERS 


We begin in Chapter 2 with water and gravity. Water flows downhill, a cup full 
of water overturned will cause the water to spill. These experiences with our 
environment influence our notion of what is, and what will happen next. We 
do not need to reflect on whether or not a pail of water, when overturned, 
will cause the water to move, in what direction, relative to an incline, and 
how far. We know because we have witnessed the experiment, probably more 
than one time. 

In Chapter 3, we expand the concept of everything goes somewhere and 
introduce you to the conservation of mass. Mass is neither created nor destroyed. 
What our senses do not tell us is that there is actually another way in which 
material may seem to disappear. For the vast majority of us, the phenomenon by 
which a chemical seems to disappear by reacting with another chemical element 
to form a new compound is relevant to our daily lives and our understanding of 
how our environment changes. 

We explain the concept of conservation of mass with regard to the chemical 
elements — carbon, nitrogen, and phosphorus — their changing molecular forms 
and physical states (gas, liquid, solid). We focus on carbon, nitrogen, and 
phosphorus for several very basic reasons: they are the key elements of life, and 
govern how much life there is. These elements determine how much food is 
produced and the extent of biologic activity. In our living world carbon, nitrogen 
and phosphorus are the limiting factors to growth. We explain how the three 
cycle through different pools in the environment (atmospheric, oceanic, 
terrestrial, biological, and soil), but within the constraint that the mass of each 
element is conserved. 
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Please note that figures presented throughout this book that may appear as point 
estimates for the amount of material in resource pools should be viewed as best 
estimates within large confidence intervals. In most cases, though multiple, well 
conducted studies have generated different estimated values, the relative sizes of 
the pools have remained fairly consistent. What is important is the concept, not 
the absolute number, since this can vary for a variety of valid reasons. 

Chapter 4 introduces you to the principle of balance among cycling of the key 
ingredients of life. It is particularly in this realm that our intuition needs to be 
supplemented with additional information from several disciplines including soil 
science, hydrology, plant physiology, and ecology. Nitrogen, phosphorus, and 
carbon transform from one chemical form and physical state to another very 
different form and state, processes that are ongoing in the world around us 
although we observe little if any of its manifestations. The changes over time of 
their concentrations and relative proportions play a major role in how our 
environment functions. These relationships determine to a large extent how well 
we are managing our environment. We explain the role of soils, perhaps our least 
appreciated resource, in maintaining this balance. Using the framework of the 
agricultural environment, we illustrate how soils regulate water and nutrient 
cycles and influence the chemical interactions among carbon, nitrogen, and 
phosphorus. Soils are the locus of many of the critical processes that determine 
the availability of bioavailable nutrients, and water and nutrient storage. 

Our discussion of soils brings us to Chapter 5 which addresses the question of 
how we have been managing our environment and natural resources. The focus 
for this book is the agro-environmental ecosystem that includes the land and 
soils of our agricultural land. Why agricultural land? Because much of our land is 
devoted to and affected by agricultural use. The productivity of our air, water, 
and soil resources depends on their quality and thus how these lands and these 
resources are managed. Because most of us live in urban settings we do not see 
the agro-environmental systems on a regular basis. For these reasons we examine 
how the agro-environmental system functions and explain how their management 
affects us all. 

In Chapter 6, we introduce the reader to the natural and human-induced shocks to 
the biogeochemical cycles. We present a brief explanation of how the shocks take 
place and begin to trace the effect of these changes, introducing some of the 
consequences. These shocks are real and have occurred in our past, are occurring 
in our present, and will occur again in our future. At this point we assist the 
reader in using the tools that he or she has gained in the preceding chapters in 
predicting likely outcomes. Better understanding environmental processes is 
useful in itself, but we need to relate this science to the changing world around us 
to understand how change at various scales affects the environment. What 
happens when land use changes; additional carbon, nitrogen, and phosphorus are 
added into or subtracted from a system; or water flows are altered? These 
are outcomes that we read about in our daily news. This leads to the discussion 
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of sticky, legacy problems of environmental management, the consequences of 
human-induced changes to environmental systems. Water and where it goes are 
also timely issues in the news. What newspapers and the news do not explain is 
how our environment affects whether or not water is simply an asset to humans 
or whether or not too much or too little leads to disaster. Gravity will bring the 
water in the form of rain or snow to earth, but where and how fast it moves upon 
the land will depend in good part on how we managed soils. We will explain 
how soils can serve as sponges sopping up excess water and allowing it to seep 
out slowly, moderating the impacts of excessive precipitation or flooding and 
minimizing the risk of too little water and hence drought. And water in the form 
of frozen water or ice can assist in the storage of vast quantities of excess carbon, 
nitrogen, and phosphorus, thus maintaining a delicate balance of the reactive 
forms of these elements on earth. Actions that can mitigate undesirable effects are 
also presented. 

Chapter 7 introduces the concept of ‘the Commons,’ a shared resource 
belonging to a group of people but owned by no one entity, and the issues that 
are associated with managing such a resource. Many environmental issues 
including water and air quality degradation can be traced to these resources being 
shared. This is followed by a set of case studies that illustrate instances where 
one or more of the core principles were ignored. The information and tools we 
have given the reader in the previous chapters should serve as a framework for 
assessing what could have been conducted to have avoided the problems. And by 
the way, for dollar values presented we use 2020 as the baseline year, unless 
otherwise indicated. 

Finally, in Chapter 8 we end with a discussion of why we, all of us, should care. 
It would be remiss of us not to provide you with tools that can be used to 
improve environmental resource management without suggesting why you might 
want to use them. Public policy, that is the rules regarding how public resources 
are managed, varies with the governing system. Nevertheless, there are individual 
actions, consumption choices, and arguments for these actions that can be made 
regardless of how our public policy decision structure is constructed. We will 
discuss a few of these in this final chapter. 

Humans will always alter their environment to make it work better, at least in the 
short term, and immediate to where we live. Understanding how nature will react 
can, with a little forethought, provide the opportunity to both minimize the 
adverse consequences of this reaction as well as to anticipate the outcomes so as 
to prepare and ameliorate their impacts. This can occur through both mitigation 
of the more consequential elements of our actions as well as adaptation to the 
circumstances. We will show that just a little bit of forethought can save us much 
pain. Or as our wise fathers used to say to us when we were teenagers, think 
before you act. 


Chapter 2 
The water cycle (hydrology) 


All streams run into the sea, yet the sea is never full. 
To the place the streams come from, there they return again. 
— Ecclesiastes 1:7, King James version of the Bible (1611) 


Let us start our examination of the environment with something with which 
you are familiar: the hydrologic (or water) cycle. The hydrologic cycle is an 
example we will refer to often that demonstrates the connectivity among the 
land, air, oceans, and biological systems (Figure 2.1). Rain falls from the sky and 
lands on the earth. The water either evaporates, flows over land, falls into lakes, 
rivers or seas, or enters the soil. Water from the rivers, lakes, seas, and land 
evaporates and returns to the atmosphere whereupon the cycle repeats. Surface 
waters also flow downstream from one place to another, as rivers flow into the 
sea. Water entering the soil either stays underground, flows laterally outwards 
(into surface waters), or is taken up by plants via roots and passes back into 
the atmosphere through the leaves, via transpiration. While there are a few 
other less traveled avenues, these are the major ways that water moves through 
ecosystems. The key point to remember is water does not disappear. It goes 
somewhere. 

Let us start with the basic science and the factors that determine the flow of water 
that we observe: gravity, slope (of surfaces), roughness (of surfaces), vegetation 
(its physical structure), permeability (of soils and surfaces), intensity (of 
precipitation), and velocity (of flow). 
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Figure 2.1 The hydrologic cycle — source Edwards et al. (2015). Drawing by Robin 
L. Quinlivan. 


2.1 FUNDAMENTAL CONCEPTS THAT DETERMINE 
SURFACE WATER FLOW 


Water, like Newton’s apple, obeys the law of gravity. The law of gravity is 
unbreakable, and it does not take time off. It applies to water falling from the sky 
as precipitation, running downhill as surface flow, and infiltrating into and 
through the soil. This means that water will always move downwards, seeking 
the lowest point on the landscape, barring something blocking its path. [Things 
are a bit more complicated at the molecular level, which will be discussed briefly 
below.] Water can take many paths, but they all follow one principle — unless 
there is a waterproof barrier in the way, water will move from a higher place to a 
lower place. 

How fast water moves (or flows) depends upon the slope of the ground. Surface 
flow is driven by gravity and modified by the slope of the surface. The greater 
the slope, the faster water flows down. Other factors, which will be discussed 
shortly, further affect the speed of flow. However, unless there is a barrier or 
other external force acting upon the water, it will move more quickly with 
increasing slope. 

But what about the roughness of the surface upon which the water flows? We 
have all observed how water appears to flow more slowly down a rocky surface 
than a smooth one. A perfectly smooth surface presents no impediment to slow 
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water flow, while a rough surface presents obstacles (e.g. ridges, stones, sticks, etc.) 
that inhibit and thus slows the flow. If plants are present, water moves more slowly 
across the surface. To think about this in concrete (so to speak) terms, imagine water 
flowing across glass, as compared to water flowing across a sidewalk. Which one 
disrupts the water flow more? 


The plants impeding water flow demonstrate the effect of roughness, but when 
comparing areas covered with vegetation and those that are paved there is 
something more that is going on. Soil and surface permeability also impact 
surface flow. Permeability is the quality that tells us how much liquid (or gas) 
can penetrate into something. A porch screen, for example, is quite permeable. A 
drinking glass is not (hopefully!). We will discuss soil permeability in more detail 
a bit later, but for now it is important to know that water does not just flow over 
soils, but also infiltrates into them. And that water infiltrates into different soils at 
different rates and these soils can hold different amounts of water. For a highly 
permeable surface, water will flow into it instead of flowing across the surface. 
Conversely, the more impermeable a surface is, the more surface flow it will 
have. For our example looking at lawns and sidewalks, the reduced flow from the 
lawn is due both to the vegetation obstructing the flow and the infiltration of 
water into the soil. 

Finally — but by no means the least important — how much water is going onto 
your surface affects how much water flows across your surface. The effect of this 
volume is moderated by all of the above factors — the cumulative impact of which 
is the ultimate determinant of how much surface flow, that is, the volume over 
time that you can have. 

In summary, if you are looking at a surface and you want to understand how 
water flows across it, first recall what you already know — water flows downhill. 
Then understand that the rate of that flow will be greater with (a) greater slope, 
that is, greater angle; (b) less roughness; (c) less vegetation; (d) less permeability; 
and (e) increased flow intensity (like more rain, for instance). Now we are ready 
to examine another step in the cycle — soil infiltration. 
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2.2 WHY AND HOW WATER GOES INTO THE GROUND: 
SOIL INFILTRATION 


First and foremost, water moves down due to gravity. Then it hits the ground and 
other surfaces. Those surfaces can and do have different permeabilities. If water 
hits an impermeable surface, like a sidewalk or a roof or a parking lot, it runs off 
that surface. This water flow is appropriately called ‘runoff,’ or sometimes 
surface flow. The speed and amount of runoff are determined by the factors we 
mentioned above — the amount and intensity of precipitation, the slope, and the 
roughness. It is reasonably predictable based on those factors. When precipitation 
hits soil, however, there is a bit more to the story. 

Soil may seem to us solid and impenetrable. We can walk on it, run on it, 
park cars on it, even build houses on it. However, as with so many things in 
this world, it is more complicated than that. Soil consists of minerals, organic 
matter, and a void, in other words, the empty spaces (pores) in between those 
solid particles. These spaces, or pores, allow water (and air) to infiltrate into 
the soil. For example, if we begin by thinking about a sandy beach, you have 
probably seen how this works. You can run on a beach — it is quite solid in 
that regard. But when a wave comes up and then down on the surface of the 
beach, the water does not run off, as it would on a sidewalk or parking lot. 
So where does it go? It flows into the spaces in between the individual 
particles of sand. 

Soils are made up of different sized particles — the particles can be sand (larger 
particle sizes), silt (medium-sized particles), or clay (small to very small particle 
sizes). Different soils have different proportions of these particle sizes which in 
turn have different pore sizes between them. Moreover, larger pore sizes have 
more rapid movement of water through them. Experiment 2.2 in the following 
box illustrates this. 
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2.3 WHAT WATER DOES ONCE IT ENTERS THE GROUND 


After water has infiltrated into the soil, there are a few different things it can do. It 
can stay close to the surface or it can move downward. [Water remaining in the root 
zone of soils can be brought back up to the surface through evapotranspiration, the 
water goes into the atmosphere from evaporation and transpiration, which we 
introduce later.] Water moving downward goes towards the water table, the upper 
surface of saturated soil (Figure 2.2). There it can become base flow and move 
laterally through the subsurface or it can remain in long-term storage in an 
aquifer. The water table moving laterally as base flow can then come back out to 
the surface in rivers and lakes, where the water table intersects the stream channel 
or lake bottom. Subsurface water can also move laterally as it moves downward 
toward the water table. This occurs when the water reaches a subsurface soil 
layer that has become saturated and water cannot infiltrate downwards. The water 
will move laterally until it reaches a waterway or an unsaturated soil layer where 
it can continue its downward journey (Satterlund, 1972). Water in aquifers can be 
brought to the surface via wells. 

In the ground, water will continue to descend, driven by gravity, until it meets an 
impermeable surface. Just as the water spilled from a glass stops its downward 
movement and begins to move laterally when it hits the floor, water in the ground 
moves horizontally via subsurface flow when it hits a less-permeable layer 
(Satterlund, 1972; University of California-Davis, 2020). A good analogy for 
saturated soil is a sponge saturated with water. When you pour more water on top 
of it, where does the water go? It comes out from the bottom and flows along the 


Sur face water 


Water (not ground water) held by molecular attraction 
surrounds sur faces of rock particles 


All openings below water table 
full of ground water 


Figure 2.2 Soil infiltration and subsurface water — source Centers for Disease 
Control (2014). 
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floor. If you pour enough water, it comes out of the sides, causing the water level on 
the floor to rise. Similarly, water moves horizontally under the surface of the soil. 
Additional water moving down through soil moves because of the permeability 
of the soil. The direction of flow is determined by the path of least resistance, the 
side with more permeable soil. 

If water goes underground, it is contained in the soil pores. It is not like there 
is some wide open space underground like a cave, holding all this water. [Well 
actually there are some underwater caves that hold water, but these are unusual 
and account for a very small portion of the water infiltrating into soils.] The 
soil pores below the water table are filled with water. Using what you already 
know, you probably have already figured out that the water table fluctuates 
as the amount of water infiltrating into the soil varies. In periods of high 
precipitation, it will rise and during long periods without precipitation or high 
evapotranspiration the table can fall. If the water table rises high enough (it can 
even rise to the surface of the soil itself), you can have a wetland — an area 
where the entire soil profile is saturated with water. Fluctuating water tables for a 
large number of depressional wetlands cause them to be wet during portions of 
some years and dry in other years. In the summer months, plant activity is high, 
causing evapotranspiration to use much of the available water. This reduces 
surface runoff, resulting in streams and rivers being fed mostly by this subsurface 
flow. Depending upon the physical structure of the underlying surface, the water 
we observe in streams and rivers may have fallen as precipitation days, weeks, or 
even years before. 

Recognizing that underground water movement is not only downwards, but also 
sideways, is of critical importance for understanding surface water hydrology. 
Subsurface water moving sideways can come back out of the ground again. This 
lateral movement, or subsurface flow, is a critical source of water supply for 
rivers, streams, and lakes and is how groundwater provides base flow for 
surface waters. We will discuss this in more detail shortly. 
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There are three types of natural lateral flow: surface storm water flow, which is the 
water directly from a precipitation event; subsurface flow, which results from a 
storm moving more slowly than surface storm flow because it travels through 
the soil; and the base flow. What is base flow? Put very broadly, it is the lateral 
flow of groundwater. Base flow feeds waterways and other surface waters when 
the water table intersects with the stream channel or lake basin. It is the water 
that has made its way over time to the less porous, less-permeable rocky 
material beneath soils and, unable to sink further, pools and moves laterally, 
providing the water that you see in a stream when there is no runoff from 
storms. Identifying the point where subsurface flow from a storm ends and base 
flow begins is not cut and dried (Satterlund, 1972). For our purposes it is 
important to recognize there is a difference, but it is not necessary to identify 
precisely where it is. 


Experiment 2.3: What do we observe when we dig a hole deep enough 
that water seems to appear from nowhere and partially fills the hole? When 
this happens, we have intercepted the water table. The water level in the hole 
is the height of this ground water. The water seeping out of the ground comes 
from the soil pores that are saturated with water. One place where this is 
easily observed is on the sandy beach at the seashore. Dig down into the 
sand until the water seeps into and fills the bottom of the hole. Here you have 
intercepted the water table. Now wait for an hour and watch the water level 
change as the tide ebbs or flows. The water level will rise as the tide comes 
in and fall as the tide goes out. 

Now imagine that the hole is a pond — its bottom surface extends beneath 
the water table. For this reason, the subsurface water flows into it. This is also 
the case for streams, rivers, lakes, and other surface waters. Just to quickly 
note that this is a two-way street — a stream, for example, can gain water from 
the ground (called a ‘gaining stream’) and it can also lose water to the ground 
(called a ‘losing stream’). The stream losing water occurs if the channel of the 
stream is above the water table (Baldwin and McGuinness, 1963; Chen et al., 
2013). 

To visualize what is happening, take a good size length of clear plastic 
flexible tubing. Make a U of the tubing and then add water to one leg. Note 
that water rises in both legs of the U and observe that the water level in 
both legs of the tubing is at exactly the same height. Raise one leg of the U 
so you have a J-shaped figure. Again, the water level is the same in both 
legs. Return the figure to a U-shape and keep adding water into one end. 
When it is completely filled, the water will begin to flow out the other. Ground 
water behavior follows the same principle, although its behavior can be much 
more complicated. This is because different soils, rock formations, and 
other variables can create channels and barriers for water. See Figures 2.3a 
and 2.3b. 
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(a) 


An interesting phenomenon is confined groundwater flow. This water, which 
results in what we know as a spring, still obeys the law of gravity but in a way 
that is not immediately apparent to us. Springs occur when rainwater that falls 
on relatively porous soil infiltrates until it reaches less-permeable soil or dense 
rock, then flows laterally through relatively porous rock that is contained within 
a less-porous rock formation. This groundwater flow, because the porous 
material that is sandwiched within the non-porous material acts like our flexible 
tubing, can make the water appear as if it defies gravity and rise from the 
depths. This happens when the source of the water occurs at a higher elevation 
to where the water returns to the land surface. We cannot see the rock 
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formations beneath our feet. So it can appear as if the spring has no source. 
Because rock strata can be bent over long distances, without further sleuthing, 
you cannot know that the water may have originally fallen in the mountains far 
away from our spring. 

How fast water flows underground depends upon the same factors as we have 
described for surface water flow. Clearly, underground there are more obstacles 
to flow than aboveground. Hence groundwater can flow extremely slowly, in 
some cases taking months if not years to reach the point where it rejoins the 
surface. In geologic formations of limestone known as karst, such as in the state 
of Kentucky and the Alps of Europe, the water can flow surprisingly fast 
underground. In these cases, the rains of winter can mean a flowing spring in 
the summer. 

Subsurface, unconfined groundwater can be brought back up directly via 
transpiration or plants (as discussed in the next section) and via wells. Wells 
work, quite literally, the same way as our ‘dig a hole into the water table’ 
illustration, in our discussion of base flow. These days, they are generally 
associated with a pump that brings the subsurface water up. But if you see an 
old well, you might notice that it is a hole dug deep enough that it goes below 
the water table. A tube (often made of stone) is built to stabilize that hole. In 
this case, you might see a bucket that can be lowered into the hole to bring that 
water up. 


2.4 SUBSURFACE WATER-PLANT INTERACTIONS 


Water moves back up into the atmosphere through plant transpiration. Plants use 
roots to acquire water (and nutrients) from the soil. The roots absorb water from 
the soil pore spaces. The water moves through the vascular system of plants, 
which runs up through the plant, to the leaves. Here the water is released back 
into the atmosphere through small openings (called stomata). 

Remember our experiment above with the flexible, transparent tubing. Water 
flowed out one end of the tubing when water was added in the other. The reverse 
can also occur. If you suck the water up and out the second tubing end, the level 
of the water in the first leg of tubing shifts downward. Likewise, water 
‘transpires’ through the tubing of the plant, sucking up water from below. 

And so, when we think of water moving through a plant, at one end are the 
roots; at the other are the leaves. The vessels connect them. The major driving 
force for this is evaporation at the stomata; the stomata are very small apertures, 
mostly in leaves, that allow for gas exchange with the environment. Underneath 
the stomata are small chambers, with cells in contact with the vessels. These 
openings allow carbon dioxide in (needed for photosynthesis and energy 
capture) and water out. When the water evaporates from these cells, they 
become more absorbent, drawing up water from the vessels (see Capillary 
Movement box). 
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Box on capillary movement — an exception 
(sort of, but not really) 


We have all observed capillary movement in action when we have dipped a cloth 
into water and watched the water move upward. Capillary movement is due to 
forces occurring at the molecular level. It involves two forces, water surface 
tension and the attractive force of water to solids such as glass, cloth, and the 
channels formed by soil pores. The surface tension is due to the greater 
attraction of water molecules to one another than to air molecules. 

Capillary movement takes place in soils. When the attraction of water to 
the channel walls and surface water tension is greater than gravity, water will 
move upward within the soil. When the force of gravity equals these forces, the 
upward movement stops. The upward movement occurs in small openings 
where the combined forces can overcome gravity (see Figure 2.2). 

The size of the pore determines how far water will move upward. Figure 2.4 
illustrates the interplay between the attraction of the water to the sides of 
the tube and the gravity pressing down on the water. The water rises up to the 
point where water surface tension is strong enough to withstand the 
gravitational force. As the width of the tubes increases, the water level decreases. 


Figure 2.4 Narrower tube openings allow capillary action to pull water higher 
(Hayward, 2013 https://www.usgs.gov/media/images/narrower-tube-openings- 
allow-capillary-action-pull-water-higher). 
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Experiment 2.4: How does water get up a tree? Exploring transpiration. 

Take a glass tube and a cotton ball, and, while holding them underwater, stuff 
the cotton (which is wet, because you are doing this under water) into the end of 
the tube. Take the tube out of the water and hold it vertically cotton side up. The 
water absorptive quality of the cotton and the attraction of the water molecules 
to each other hold up the water column in the pipette. 

Now take the cotton-topped-and-water-filled tube and put it in a jar about 
Ya-filled with water dyed with food coloring. 

The water gets drawn up (the evaporation at the cotton is analogous to the 
evaporation processes in a plant leaf) and you can see the colored water moves 
up the pipette. 

To clearly demonstrate that it is the evaporation from the cotton driving this you 
can do the following: 


(1) Cover the cotton with parafilm or wax paper. You do not see the colored 
water move up (beyond the movement governed by diffusion). 

(2) Use an empty tube. This illustrates that it is not capillary action that draws 
the water up — many people think capillary action drives water movement 
in plants. It does not. 

(3) Take paper from a coffee filter, cut it into a leaf-like shape, with a 
‘stem/petiole’ (‘petiole’ is the technical term for a leaf stem) and a 
‘blade’ parts, stick the petiole part into the cotton tipped end of the tube 
and you can see how much faster the water movement is. This 
illustrates that leaves add evaporative surface and are not just for 
photosynthetic surfaces. They are also water pumps. 

(4) Shine light on the paper leaf from #3. This also increases the water flow. 

(5) You can also take the leaf from #3 and turn them parallel or perpendicular 
to the light. See how that affects water movement. It is a pretty marked 
change. 


We have already introduced base flow, which is the primary determinant of stream 
and lake levels between storms, but what happens during and after a storm? And 
what happens when the base flow is below the surface? 

During a precipitation event, raindrops fall on open water areas, such as 
streams and lakes. Water levels rise. As we have discussed, the rain that falls 
on the land, if sufficient in volume, leads to surface runoff, and contributes to 
the rising level of the lake or stream. The peak flow is the highest water level 
attained by the water in the river or stream after a precipitation event. 
Depending upon the intensity, duration, and form of a storm the peak flow can 
include several different components (Figure 2.5 shows a graph of the water 
flow over time of stream flow (hydrograph)). If the precipitation is not 
sufficient to generate surface runoff or soil infiltration beyond the root zone, 
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Figure 2.5 Stream flow before, during, and after a storm. Note the relationship 
between water flow in a stream from a storm and base flow. Stormwater enters the 
stream first as precipitation, then as surface flow, and finally as subsurface flow. 
The stormwater is in addition to the water from base flow. Source Edwards et al. 
(2015). Drawing by Robin L. Quinlivan. 


the peak flow will consist of only the precipitation falling in the stream plus the 
base flow. The change from the storm will generally be unnoticeable. For a 
somewhat larger event, the peak flow will consist of the surface runoff added 
to the base flow. However, if the storm is of sufficient intensity and duration, 
the peak flow will include surface runoff, lateral storm runoff, and the base 
flow. The peak flow can occur well after the event if the precipitation fell as 
snow or in another frozen form. 

The height and shape of the hydrograph (the figures given earlier) for a storm are 
influenced by a number of factors. The larger the watershed, the longer it takes for 
water to reach the main channel, delaying the peak flow. Larger watersheds also 
have more area so more water can accumulate from widespread precipitation. As 
we have discussed earlier, watersheds with steep slopes, impermeable surfaces, 
and fewer obstructions will move water more rapidly into the stream. These 
watersheds have higher and quicker peak flows than comparable streams with 
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Figure 2.6 Hydrographs for watersheds with different characteristics (BBS Bitesize, 
2020). 


gradual slopes, more permeable surfaces, and fewer obstructions (Figure 2.6) 
(source BBC Bitesize, 2020). 

A stream that flows all the time — it always has base flow — is a perennial stream 
(Figure 2.7). There are other kinds of streams, however, that do not flow all the time. 
Ephemeral streams only flow after there is a rainfall — their peak flow is their only 
flow. There are also intermittent streams, which flow seasonally when the water 
table is higher — their flow includes base flow. When the water table drops, they 
flow only intermittently; their storm flow is their only flow. 

Water flow and the distribution of surface and subsurface water flow can be 
affected by people. This in turn can affect peak and base flow and ground water 
recharge. These anthropogenic influences will be discussed in Chapters 5 and 6. 
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Figure 2.7 Relationship between base flow and perennial, intermittent, and 
ephemeral streams Zaimes et al. (2006). Note that base flow can fluctuate over 
time. The water in the intermittent stream will depend on whether the base flow is 
above or below the channel. 


2.6 WHY WATER MIGHT NOT GO INTO THE 
GROUND: SOIL SATURATION 


Impermeable surfaces are not the only reason water does not go into the soil. The 
soil pores can fill with water and become saturated. Then, when no more water 
can infiltrate, it flows over the soil surface. The following box describes an 
experiment that illustrates this. 


2.7 WHY WATER MIGHT NOT GO INTO THE GROUND: 
CANOPY INTERCEPTION AND EVAPORATION 


As anyone who has older siblings — or younger siblings, for that matter — knows, 
leaves hold water. A kid standing under a tree after a rainfall is just waiting for 
someone — like their older brother or sister — to come along and shake the tree 
and soak whoever is under it. 

This is due to canopy interception — the ability for leaves, to retain the water 
that falls on them during a rainfall event. Not all of the water is caught this way, 
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of course. Some of it continues through to the ground, as throughfall, and some of it 
runs along or the trunk and then to the ground, as stemflow. But a substantial amount 
of water can be retained as canopy interception. This water can then evaporate back 
into the atmosphere, or if there is an impact with the tree that shakes the leaves, the 
water may fall from the canopy (in which case it is throughfall). 

Precipitation intensity also affects throughfall. A heavier rainfall leads to 
proportionately more throughfall than what occurs in a light rainfall. Comparing 
that amount of water falling under a tree to the amount falling outside of the 
canopy of that tree will give you the proportion that is throughfall. There is a large 
yellow poplar tree in my yard that I use as a bit of a rain gauge when I am reading 
in my office. When the leaves are out with moderate rainfall intensity, my 
sidewalk does not get wet until there is about a tenth of an inch (about 2.5 mm) of rain. 

Water exposed to the atmosphere in streams, lakes, and wetlands evaporates, 
providing another avenue for subsurface water to move back up into the 
atmosphere. Soils that are not saturated also have evaporative loss of water as 
well, although at a much slower rate. It is through evaporation that the water that 
fell as precipitation returns to the atmosphere, completing the cycle. 


2.8 HOW DOES WATER GET BACK UP INTO THE SKY? 
EVAPOTRANSPIRATION 


We have already covered transpiration — when water comes up through the roots of a 
plant, through its xylem, and out through the stomata. This is one avenue where 
water goes back into the atmosphere. Water can also evaporate from the ground, 
as has already been mentioned. Water can also evaporate from surface waters — 
this being the final major route by which the cycle leads back on itself, to where 
we began — water in the sky. Evaporation and transpiration, together, are called 
‘evapotranspiration.’ To get a sense of the rate of evaporation from surface water, 
do the brief observational study in the following box. 
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Evapotranspiration has a significant effect on how much of a rainfall event is 
actually available for runoff or infiltration. Notice after a heavy rain that the air 
appears heavy and sticky. It is filled — with water that has returned to its gaseous 
phase. In other words, it contributes to the humidity of the air. 

How much of the water in a rainfall event returns to the air as humidity depends 
on a number of factors. Most important of these are aridity and temperature. Air in 
arid landscapes normally possesses low humidity. A rainfall event has the 
Opportunity to contribute more moisture to the air before it becomes saturated. 
The point when air becomes saturated is temperature dependent, with air at 
higher temperatures being able to hold more moisture. The temperature where air 
with a given amount of moisture becomes saturated is called the dew point. If the 
atmosphere is saturated and the temperature is lowered moisture will condense. 
Temperature also affects the rate at which water turns into a gas. A hot surface (e. 
g. desert sand or city streets in summer) will transfer more energy to the water 
than cooler surfaces. 

Evapotranspiration is also seasonal. Because much of the evapotranspiration is 
the transpiration component by plants and plants in temperate climates go 
dormant in the fall and winter, there will be less evapotranspiration in these 
seasons (Kirchner and Allen, 2020). 


Experiment 2.8: You can observe the effect of lower temperature on saturated air 
during the summer months when the air is humid and the temperature drops at 
night. In the morning, you find the grass wet. What has happened is the lower 
temperature reduced the amount of moisture the air could hold, causing the 
water to condense. The dew point for a given amount of humidity is the 
temperature where air is cooled and can no longer hold all the moisture in the 
air and dew forms. Note that on mornings following very humid days dew is 
present even when the nighttime temperature is high. Conversely, on mornings 
following a day with lower humidity, a lower temperature does not necessarily 
cause dew to form. The United States National Oceanic and Atmospheric 
Administration (NOAA) provides a calculator that illustrates the relationship 
between the temperature, dew point, and relative humidity (https: //www.wpc. 
ncep.noaa.gov/html/dewrh.shtml). 


Experiment 2.9: You can observe the seasonal variation in evapotranspiration by 
comparing the persistence of puddles in vegetated areas during the summer 
versus the winter. During the summer when plants are active, the puddles dry 
up more quickly as the plants transpire and absorb soil moisture, allowing water 
to infiltrate into the soil. During the winter when the plants are dormant, the 
puddles persist much longer. 


There is another important way that evapotranspiration affects runoff and soil 
infiltration and thus how much water is available for storage and for surface and 
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ground flow. The direction of water flow (or flux upwards or downwards in the soil 
column) in the layer of soil closest to the surface is affected by the temperature of the 
soil and surrounding air. During the summer when temperatures are high, water can 
evaporate from wet soil faster than it can infiltrate. Hence, on net, water flux is 
upwards. In other seasons of the year under cooler conditions, the opposite 
occurs, water infiltrates soils (O’Geen, 2013). 

Why is this important? As we will discuss in a later chapter, the direction 
of seasonal water flow matters in the situations where there is possible 
contamination, such as by fertilizers. For this reason, if we are concerned about 
groundwater contamination, we should focus our efforts to protect groundwater at 
times when water flow is downwards, that is, most likely in the spring or fall 
either before crops are transpiring or after they have matured and been harvested. 

For most purposes we do not need to know exactly how much of the water 
evaporates at a given place and temperature. We only need to have a rough 
notion of what this value is in a discussion of surface water runoff, flood 
mitigation, or groundwater recharge. Surprisingly, the percentage of rainwater 
removed through evapotranspiration is generally quite high — on average some 
50% (Rossi et al., 2015). This value will of course vary according to season, 
precipitation quantity and intensity, vegetative cover, and temperature. Also, 
somewhat of a surprise to most people is the fact that the portion of rainwater 
available for surface runoff is generally only about 25% (California State Water 
Resources Control Board, 2011). In the hot summer months in the Corn Belt in 
the Midwestern United States, modelers generally assume an even lower value — 
as low as 5%. This number grows if there are sequential storms resulting in 
saturated soils. 


2.9 WATER IN THE AIR — HUMIDITY 


Water vapor in the atmosphere is mostly invisible, although you can see some of it as 
clouds and fog. You can also feel it — this is noticeable on muggy days. Some 
amount of water is always present in the air even if you do not notice it. 

Water in the air is called humidity. Hot air can hold more moisture, cold air can 
hold less. The atmosphere is rarely at that maximum level. Relative humidity is the 
amount of moisture in the air relative to the maximum amount it could hold at that 
temperature expressed as a percentage [(amount of water in the air/maximum 
amount of water the air can hold at the current temperature) x 100]. 

At cooler temperatures, as can be found higher up in the atmosphere, water vapor 
can aggregate into droplets. These can fall as rain or as solids, such as ice or snow. 
Water falling as rain brings us back to the beginning of this chapter where we began 
our discussion of the hydrologic cycle. 

When rain falls as ice or snow, there is a delay in its movement along the cycle. If 
you live in an area with snow, you see this in the winter. In places where the snow 
that accumulates over the winter and remains until warmer weather is called 
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“snowpack.’ When it melts in the spring, it is appropriately called ‘snowmelt.’ If 
snow melts rapidly or in conjunction with rainfall, the resulting flow can lead to 
freshets and floods. Freshets are spring floods. 


2.10 SUMMARY 


The principles of hydrology can be understood through direct observations. You, 
yourself, can make most of these observations. You do not need to rely on 
complicated algorithms or even, for that matter, someone telling you what is true. 
Go out and look for yourself, keeping in mind water flows downhill and it goes 
somewhere. Keeping track of where water is going is often a first step in 
examining environment issues. 

Understanding the basic principles of hydrology is an important start to 
understanding environmental issues. For any specific issue involving water 
volume or flow, you might be able to identify management proposals that are 
incomplete because they do not follow water fully through its cycle. Often 
examples of these inadequately designed proposals simply push a problem further 
downstream or underground. 


Chapter 3 


Conservation of mass or 
everything goes somewhere 


Life plays Tetris with elements, and creates our reality. 
— nebulaspage.org 


We think there is color, we think there is sweet, we think there is bitter, 
but in reality there are atoms and a void. 
— DEMOCRITUS, C. 460-C. 370 BC 


In this chapter, we provide an introduction (we presume a refresher) to the core set 
of concepts critical to understanding the big, sticky environmental and natural 
resource problems of today. We describe the core set of chemical elements and 
molecules from which life and thus our natural world derives. We show how 
these elements conserve — neither increasing nor decreasing mass — though they 
may transform and change physical state (gas, liquid, and solid). We introduce 
these concepts because influencing or controlling where these elements go lies at 
the core of environmental management. 

The key chemical ingredients of life, the chemical elements (atoms) that make up 
the building blocks that constitute all life, are also among the simplest and most 
abundant in the universe. But their abundance and hence relative availability does 
not predispose them to assemble into the components of life. To use an analogy, 
you may have all the ingredients for a cake, but just tossing them together does 
not make the cake. The recipe is important — they need to be assembled in the 
right proportions and the right order for success. This is where chemistry merges 
into biology. 


© IWA Publishing 2021. A Guide to Understanding the Fundamental Principles of Environmental 
Management. It Ain’t Magic: Everything Goes Somewhere 

Authors: Andy Manale and Skip Hyberg 

doi: 10.2166/9781789060997_0027 


28 Guide to Understanding the Principles of Environmental Management 


Although the ingredients may be abundant, they are not unlimited. The atoms of 
each chemical element in this world, the physical world in which we live, are of a set 
number. Except through processes best described and explained by nuclear physics, 
they cannot be made nor eliminated. In every reaction involving these chemical 
elements, mass is conserved. The number of atoms of each chemical element that 
existed before a reaction exists after the transformation has occurred. For our 
purposes in our day-to-day world, the total number of atoms of a chemical element 
(say hydrogen or carbon or any other element in our natural world (see the 
periodic table of chemical elements) that exists is finite (Wise, 2013). You can, if 
you had the proper equipment and nearly infinite time, count each atom. Atoms 
connected (or bonded) to other atoms create molecules. Like the atoms, these 
molecules are finite — they can be counted. Were you to recombine atoms into 
different molecules or separate them into individual atoms, the original number of 
atoms of the chemical element will always be the same. This is the most 
fundamental and important principle of chemistry. This principle is a touchstone 
we can use to understand the world that we experience. Much of what occurs in 
environmental management is managing the chemistry to support the biology. 

How is this concept important for environmental management? The answer is 
simple: it is key to understanding and resolving particular environmental or 
natural resource problems without inadvertently creating new problems that then 
have to be resolved — everything goes somewhere. In this and the subsequent 
chapters, we will provide many examples illustrating this fact. 

Not all atoms or molecules can interact with other atoms or molecules to create 
new combinations. They have to be reactive under the conditions in which they 
exist. An element may be in a form that is not reactive (i.e., inert) because it exists 
alone or in combination with another atom in a way that requires large amounts of 
energy to separate. When the atoms of a chemical element (or a molecule 
containing more than one chemical element) are non-reactive, they do not combine 
with the atoms of a different chemical element. Hence, the reactivity of the atom of 
one chemical element can depend upon what chemical element is its partner. 

On the other hand, an atom or molecule that is reactive may visibly change upon 
contact with another reactive molecule such that it changes its physical state 
(changes from a solid to a liquid or a liquid to a gas or vice versa). For example, 
add vinegar (acetic acid) to baking soda (sodium bicarbonate) and the two 
different sets of molecules will react, transforming into a third set of chemicals 
[see the chemical equation below]. The bubbles that form indicate that the carbon 
in the baking soda (a solid) has been transformed into carbon dioxide, a gas. 
Remember that the total number or mass of a chemical element stays the same 
after the reaction as before, as proven by adding up the individual atoms before 
and after the reaction. 


NaHCO; (baking soda, solid) + HC2H30, (vinegar, liquid) 
— NaC2H302 (sodium acetate, solid) + H2O (water, liquid) + CO, (gas) 
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There were five hydrogen atoms (H), three carbon atoms (C), five oxygen atoms 
(O), and one sodium atom (Na) present before the reaction. After the reaction, the 
exact same number are present, though in different forms and states. Mass has 
been conserved. As illustrated by the earlier example, the atoms of a chemical 
element may change state when it combines with the atoms of other chemical 
elements. This changing of state along with chemical transformation underlies the 
dynamic nature of the basic elements of life. Understanding this is critical to the 
effective management of natural resources. 


3.1 THE CHEMICAL ELEMENTS THAT COMPRISE 
THE BUILDING BLOCKS OF LIFE (AND MOST OF 
EVERYTHING IN OUR IMMEDIATE ENVIRONMENT) 


The discussion earlier leads to the introduction to the chemical cycles involving the 
three chemical elements whose atoms comprise the building blocks of life. We 
explain their ‘biogeochemical’ cycling (cycling that involves biology, geology, 
and chemistry) from biological forms to various pools in the environment where 
they are otherwise stored. Each pool has its own timescale for how long the 
element typically resides in the pool. The different pools, the residence time in 
each pool, and the volume of flow from one to another make up the core 
functioning of environmental systems in both the living and non-living world. 
Remember all the while, even though the atoms of a chemical element have left 
one pool for another, the total mass stays the same. 

Managing the forms of these elements and how they cycle lies at the heart of 
managing our natural resources and protecting the integrity of our environment. 
The atoms and their connections (bonds) with other atoms are often represented 
using ball-and-stick models. Each ball, depending upon what chemical element it 
represents, has a number of holes into which sticks are inserted to represent 
bonds. How difficult or easy it is to insert a stick into a hole of the ball depends 
upon the width of the hole and reflects the strength of the bond. In other words, if 
you exert little energy to insert the stick into the hole, then correspondingly the 
stick may just as easily fall out, breaking the connection. Too narrow and you 
must exert a lot of force to fit it into the hole, possibly destroying your creation in 
the process. One needs the connection of proper tightness to have a stable 
connection. That said, there are connections (bonds) of varying strengths and we 
will discuss these differences later. 

This point is important because just as bond strength relates to the stability of the 
structure we build with our balls and sticks, how tightly atoms are bound to each 
other in molecules relates to their stability or reactivity in the environment. It also 
explains why certain chemical elements (carbon, nitrogen, and phosphorus) are 
ideally suited as the material that makes up the building blocks of life — amino 
acids, sugars, lipids, and nucleotides. [See Appendix C, Building Blocks of Life.] 
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Remember as children how when we wanted to build a house or a building, we 
started with pieces of wood that we cut and then nailed or glued them together to 
meet the requirements of our structure. The problem with this approach is that at 
the end of the day, we could not easily disassemble our construction or reuse its 
components. Once made, it was finished. On the other hand, if we used a 
LEGO™ building block, we could use the pieces to construct whatever object 
our imagination conceived and at the end of the day disassemble them to store 
and reuse the pieces another day. 

The chemical ingredients of life are the elements that comprise the blocks that 
are nature’s LEGOs'™. And if you remember, there are only a small number of 
different types of LEGO™ blocks, all serving different functions. The blocks 
have bumps (whereas the atoms have covalent bonds), when fit together, are 
stable enough to allow elaborate constructions. Yet they are not so tight-fitting 
that the blocks cannot be readily taken apart. And like nature, with LEGO.™, 
whether assembled or disassembled, there is the same number of pieces and 
bumps before and after our construction projects. 

The ingredients are carbon (C), nitrogen (N), and phosphorus (P), hydrogen (H) 
and oxygen (O). By assembling our ingredients of life — C, N, and P, along with 
oxygen from our water molecules (H20) — we create the building blocks. From 
these, we construct proteins; DNA (deoxyribonucleic acid) and RNA 
(ribonucleic acid), the carriers of genetic information; carbohydrates (sugars); and 
lipids (for cell membranes and fat, another means for storing energy). All forms 
of life as we know it are made of these units, from single-cell organisms to the 
complex plants, animal, and human world we know. As will be explained in 
greater detail, the carbon that starts as carbon dioxide in the air is transformed 
into a menagerie of molecular forms that comprise our biosphere. With a little 
ingenuity, multicellular organisms like ourselves can be created. 

Obviously, there are other necessary chemical elements, such as sulfur, calcium, 
iron, magnesium, and potassium, but the discussion of these other elements is not 
critical to this story. Our focus is to show how using basic concepts for following 
and managing the chemical basis of our natural resources helps us understand our 
impact on the environment and many of today’s sticky issues. These concepts can 
be applied to chemical questions beyond carbon, nitrogen, and phosphorus, such 
as toxic waste, nuclear materials, and plastics. 

What follows is a discussion of each of the three chemical elements of life. We 
start with carbon and follow with introductions to nitrogen and phosphorus. [See 
Appendix B for a brief discussion of the chemical elements of life and their 
relationship to the early history of our planet and of life.] 


3.1.1 Carbon 


The chemical element carbon, our first key chemical ingredient, is represented as a 
ball that has four connection holes. Each hole or all of the holes can serve as a site to 
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Figure 3.1 Ball-and-stick model of carbon with bonds to four hydrogen atoms — 
Methane Image source: Wikicommons. 


fit a stick that connects one carbon atom with another or with a different type of ball, 
that is, a different chemical element. Carbon is ideal for serving as the framework for 
complex molecules that can be connected to each other to form long chains. It 
possesses the property of being able to connect with another carbon, or even 
three other carbon atoms in the case of diamonds, or with totally different atoms. 
The (covalent) bonds are not so tight that they cannot be broken when new 
connections need to be made, and their holes (representing the bonds) are not so 
weak such that the connections between atoms break too easily, making the 
structure unstable and easy to collapse. In Figure 3.1, we present a model 
representation of a methane atom — carbon (black ball) connected to four atoms 
of hydrogen (white balls). 

Clearly if you are going to build a structure or many structures, it is handy to have 
a plentiful construction material. And there are a lot of carbon atoms in the universe. 
In fact, carbon is the fourth most common element in the universe (Suess, 1956). 
In all the different types of building blocks — amino acids, sugars, lipids, and 
nucleotides — carbon forms the core (Figure 3.2). 

In Figure 3.3, we present the structure of one such common building block that 
you have heard about but might not know its chemical details. The molecule, with 
carbon at its core, is an amino acid. The O stands for oxygen and the N stands for a 
nitrogen atom. Amino acids connect to each other to form proteins. 

So far we have not mentioned water. Water is important for constructing our 
building blocks. Why is that? Because constructing the building blocks requires a 
medium that brings the ingredients together. Water is a useful medium because it 


Figure 3.2 Butane: two carbons with H atoms. Image source: Wikicommons. 
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Figure 3.3 Amino acid. R stands for any of anumber of atoms or molecules that can 
be added to the amino acid monomer. Source: Wikicommons. 


is abundant and is liquid at the prevailing temperature of the earth at its surface, 
allowing atoms to be transported and interact. Moreover, it is a dipolar molecule 
that has a positive and a negative pole much like a magnet (see Figure 3.4). The 
significance of this is explained below. 

As noted earlier, carbon makes a great starting point for constructing building 
blocks. But carbon-carbon chains are not soluble in water because of the dipolar 
(charged) nature of water molecules. Remember opposites attract and carbon 
chains have no charge. [Carbon chains act like oil in water — see Appendix A.] 
For carbon to be truly useful for constructing these blocks, it needs a partner to 
make it water-soluble. In other words, it must acquire a charge to interact with 
dipolar molecules like water. This partner, which must also be readily available 
on earth, is an atom that has a similar bond strength when connected to carbon; 
that is, the bond can also be readily broken. That partner is nitrogen. 


3.1.2 Nitrogen 


Nitrogen (N), the fifth most abundant element in the universe (Suess, 1956) meets 
the criteria needed to be carbon’s partner. In the earth’s biosphere, the region where 


+ 


Figure 3.4 Water molecule as dipole. Source: Wikicommons. 
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Figure 3.5 Two N atoms as a gas. Source: Wikicommons. 


life exists, nitrogen is abundantly present as an inert, two-atom nitrogen molecule 
[see Figure 3.5], but it is not abundant in a reactive form. It takes a good deal of 
energy to break the strong bond between the two nitrogen atoms, thereby making 
two highly reactive individual atoms. Once split, these atoms quickly bond with 
nearby atoms, such as oxygen or hydrogen, to form a relatively stable union, 
although much less stable than its two-atom form. In other words, the union can 
again be split if the right partner (with more energy) presents itself. With two 
bonds broken, nitrogen can connect with one and even two other atoms. This 
makes nitrogen ideal for constructing building blocks. 

With carbon and nitrogen, we have two essential elements that when combined 
with oxygen (the third most common element), constitute our first building 
block, the amino acid [see Figure 3.3]. We can combine amino acids through 
nitrogen—carbon bonds, freeing up the oxygen to react with hydrogen and make 
water. [Because the interactivity of oxygen with hydrogen leads to the formation 
of water, nitrogen functions in the transfer of energy and facilitates chemical 
reactions. This applies especially to coupling and uncoupling actions — the 
making and breaking of bonds.] This queuing of amino acids results in a 
protein chain. 

But this protein chain that is made up of amino acids still does not do work. In our 
example of the ball-and-stick model — now a chain of balls and sticks — there is no 
action. To do work, one must be able to store and transfer energy. For this, we need a 
mechanism for storing and releasing energy in a controlled manner—something 
analogous to a spring. A spring serves this purpose by being flexible enough 
that you can compress it, and the spring stores energy in its compressed state. 
When it is released, the spring returns to its original shape, releasing energy. 


3.1.3 Phosphorus 


Phosphorus, a chemical element never found alone because it is highly reactive, 
(i.e., it is always found in combination with another chemical element), plays a 
key role in the temporary storing, transferring, and releasing of energy to drive 
biological reactions. It naturally forms bonds with oxygen to form the compound 
phosphate. Phosphate contains four oxygen atoms and has a negative charge 
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(represented as PO,—). A single phosphate molecule can combine with its sisters 
into two and three phosphate forms, that is, di and triphosphate. The triphosphate 
form stores a biologically useful amount of energy. This is the energy that can be 
released, transferred, and used by biological systems to enable movement. More 
importantly relating again to our building blocks, phosphate can provide the 
energy to connect sticks to balls and thus assemble the building blocks that 
make up cells and hence life. The molecule to which the triphosphate form is 
attached, adenosine triphosphate (ATP), is known as the energy currency of life 
(Chemistry Libre Texts, 2020). 


3.2 THE MYRIAD FORMS AND POOLS OF CARBON, 
NITROGEN, AND PHOSPHORUS 


In the discussion earlier, we introduced you to the fundamental chemical ingredients 
that constitute building blocks: carbon, nitrogen, and phosphorus in their 
reactive or bioavailable forms. In this section, we discuss these key ingredients 
in detail to explain how they transform and cycle while conserving their mass. 
The discussion is important for environmental management because humans, in 
conducting economic activity, alter the cycling of some portion of the mass of 
these chemical elements or the mass that is cycled. In addition, this section 
provides a guide for you to use to unravel where the elements go when the cycle 
is disrupted. 


3.2.1 Carbon 


In the news, school discussions, family get-togethers, and elsewhere, the topic of 
conversation often moves to climate change and the need to do something about 
‘it? or the insistence that ‘it’ is a hoax or the outrage that there is even discussion 
of ‘it.’ This means a discussion about carbon, carbon dioxide, or some variant 
phrase containing the word carbon. Often, the concern or lack thereof is with the 
role of carbon with respect to climate change and what can be done or should be 
done concerning carbon emissions into the atmosphere to mitigate the perceived 
existential threat from ‘it.’ 

Most people know that we exhale carbon dioxide (CO2). And most people also 
know that carbon dioxide is taken up by plants. They may further believe that 
because we eat plants, carbon dioxide is good because plants need it. 

Almost all carbon that makes up our biosphere, that is the biological world in 
which we live, has been recycled countless times through countless living 
organisms. One source of carbon is from long-past biological activity. More and 
more people know that fossil fuels, such as gasoline, coal, and in general 
petroleum products, contain this older carbon. In any case, it is important to 
understand that our biological world is made up of carbon in its myriad forms, 
which includes carbon dioxide, fossil fuels, animals, and plants. And carbon has 
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Figure 3.6 Carbon tetrahedron. Graphite image source: Wikicommons. 
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cycles, changes form, and is often transported great distances in its myriad forms, 
but always conserving its mass. 

What is carbon? As we noted earlier, it is an element prevalent in the universe 
with four sites that can accept bonds, making it a versatile ingredient of building 
blocks. Like most of the chemical ingredients of life, it exists in our world in 
different phases — gas, liquid, and solid — depending not just on temperature, but 
also upon the other element(s) with which it is bonded in the molecule. In this 
regard, it is very similar to nitrogen and hydrogen. Carbon dioxide, a common 
chemical form of carbon, is a gas under normal terrestrial conditions. 

Carbon (Figure 3.6) is the major structural element for life on earth in large part 
because of its capacity to form four strong bonds. When these bonds are between 
fellow carbon atoms in perfect symmetry to each other, carbon forms crystals 
with the greatest hardness in the universe — diamonds. Conversely, carbon that 
only joins with its lateral neighbors, in a plane, i.e., not in the tetrahedron of its 
sister diamond, forms one of the softest substances known -— graphite 
(Figure 3.7), which is the ‘lead’ in pencils. 


3.2.1.1 Carbon pools 


Imagine a pail containing all Earth’s carbon atoms, both as carbon and in 
combination with other atoms. The bucket represents a pool or reservoir 
of carbon (Figure 3.8) measured in gigatons (a billion metric tons or 1 Gt= 
1,000,000,000,000 kg). Though there are some 2 billion gigatons (Deep Carbon 
Observatory at https://deepcarbon.net/) in the earth, let us use 50,000 gigatons 
for the amount in our bucket since most carbon lies deep in the earth and is 
inaccessible. Now imagine that the carbon in this bucket is distributed among 
five other buckets, not necessarily of the same size. The size of the bucket 
implies the size of the pool. [The numbers are derived from the Kansas State 
University Soil Carbon Center (2020). The values should be used for the purpose 
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Figure 3.7 Graphite or hexagonal carbon. Image source: Wikicommons. 
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Figure 3.8 Total pool of carbon on earth, estimated to be some 2 billion gigatons, 
with slightly more than 50,000 gigatons near the surface. Image source: 
Wikicommons. 


of comparison only because the amounts, particularly in the atmosphere, are 
changing over time.] Thus, we divide the mass of carbon near the earth’s surface 
into five pools with differing amounts of carbon present in each bucket. 
Moreover, the carbon is also not necessarily in the same form. Some is pure 
carbon, some is present as carbon dioxide, and most is in a complex form with 
other atoms, such as proteins, soil humus, or fossil fuels. Nevertheless, the total 
mass of carbon across all buckets adds up to the same starting amount and hence 
we have conservation of mass (Figure 3.9). 


Earth's crust pool 
50,000 gigatons 


Soil’s pool 
1500 gigatons 


Atmosphere pool 


Biological pool 850 gigatons 


560 gigatons 


Ocean’s pool 
38,000 gigatons 


Figure 3.9 The important pools of carbon. 
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The last bucket denotes the carbon in the atmosphere, which is present as carbon 
dioxide (CO,) and to a much lesser extent methane (CH,) and carbon monoxide 
(CO). The total amount is some 850 gigatons as of 2020. Human activity 
increases this amount by about 6 gigatons per year. The bucket second to the 
right contains the biological carbon, which includes carbon in plants and animals 
but not the carbon in our soils. This organic carbon began as CO, and was then 
formed into simple sugars through photosynthetic activity. This bucket contains 
about 560 gigatons of carbon. The middle pail represents the 38,000 gigatons of 
carbon in the oceans. This carbon is mostly in the form of carbon dioxide in 
solution. The second bucket, the carbon in our soils, contains 1,500 gigatons of 
carbon. Finally, the first bucket, not drawn to scale, represents the carbon in the 
earth’s crust and contains some 50,000 gigatons. Much of this is limestone or 
dolomite rock. This bucket includes the 5,000—10,000 gigatons of fossil fuel deep 
in the crust. 

These buckets (or pails) are leaky (Figure 3.10), meaning some portion of the 
carbon in each bucket leaks out into one or more of the other buckets. The 
distribution of carbon among these pools is extremely important for the purposes 
of natural resource management. This is because it affects the balance of carbon 
relative to the other key elements of life — nitrogen and phosphorus — and it 
affects the variables of state (whether or not the substance is in a gaseous, liquid, 
or solid state), and the temperature, and the moisture (H20) content of land and air. 


Atmosphere 


Plants & ( \ 


Animals carbon 2 
XN Soils 


Figure 3.10 Carbon moves between pools. The boldness of the arrows indicates the 
relative magnitude of their importance. 
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The biosphere, biological pool (dead and alive), absorbs some 110 gigatons of 
carbon per year and releases back into the air some 60 gigatons. In this process, 
plants remove CO, from the air, convert it into sugars, which are converted into 
more complex carbon forms. As plants shed material and die, they fall to the 
ground, decompose, and are incorporated into the soil. Some of the carbon goes 
to the atmosphere as CO2 and CH4, and some 50 gigatons (the difference 
between the carbon absorbed and released by the biological pool) becomes part 
of the organic component of stable soil. Hence, a portion of the soils pool serves 
as a sink for carbon (humus), removing this portion of free carbon from its 
interplay with all the cycles. But the soils pool also contains a labile component, 
which can be lost back to the atmosphere bucket. In fact, the soils pool is 
currently absorbing on net some | to 2 gigatons of carbon per year less to the 
atmosphere pool than it did in the geologic past. The rate at which the soils pool 
absorbs less carbon depends upon how soils and in particular the land in general 
are managed. Conversion of forests, grass lands, or wetlands to an agricultural or 
urban use exposes the carbon in the soil pool to oxygen allowing it to oxidize 
and convert to carbon dioxide. The result is a net flux of carbon into the 
atmosphere pool from the soils pool (Rice et al., 2009). 

The oceans pool receives some 2.5 gigatons more carbon (generally as carbon 
dioxide) from the atmosphere than it returns. Some portion of this becomes 
incorporated into marine biota and, over time, incorporated into deep-sea deposits 
and sediments. These like soils, serve as a sink for carbon. This earth crust pool, 
which contains the vast majority of the carbon at the surface of the earth, 
diminishes as carbon is mined or drilled, and is burned and converted to carbon 
dioxide. This carbon is deducted from the earth crust pool and added to the 
atmosphere pool (Kansas State University Soil Carbon Center, 2020). 

These flows among carbon pools are collectively called the global carbon 
cycle. What is not revealed by these graphics is the time dimension since this 
leakage from each bucket varies. The flow of carbon to and from the atmosphere 
pool and the biosphere pool (that is cycling) is rapid and occurs on a human 
timescale of days, weeks, and months. The carbon exchange between the 
atmosphere and the oceans is also rapid and occurs to a large extent annually, 
although some carbon gets caught in deep-sea currents and cycles over centuries. 
The flow of carbon between the biosphere and soils occurs annually as well, but 
the conversion of labile soil, as a consequence of a disturbance to these soils, can 
be rapid, less so for the more recalcitrant, deeper, more complex carbon 
component of soils. Finally, the fixing of carbon in the crustal pool is very slow 
on a timescale of thousands and millions of years. Human intervention, as 
mentioned earlier, changes this dimension. Thus, the carbon (mass) in each pool 
is the product of the interplay of biologic and geologic processes over a very long 
period of time, with the far greatest quantity being deposited in long-term 
storage. Carbon in storage is not available for use in the biologic world, making it 
relatively scarce. 
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3.2.1.2 Equilibrium between carbon pools 


The carbon in these various pools is not static. There is constant movement 
between pools as carbon moves between the atmospheric, soil, and biological 
factions. Along with this movement, there are regulating forces that act to bring 
equilibrium in the exchange of carbon in these pools. This equilibrium has been 
observed over most of human existence. Up until the last several centuries, the 
amount in each pool has been balanced from the human perspective — the short 
geologic period of time in which human civilization has thrived — as carbon 
released into the atmosphere was largely offset by new soil production and 
mineral fixation. 

We need to keep in mind that the different processes involved in each pool 
operate at different speeds. Any addition of carbon into the atmosphere is 
balanced by what is taken out through mineral formation, but these two 
processes operate on very different timescales. Large disruptions can last for long 
periods before the balance is restored. Carbon can enter the atmosphere rapidly 
with the combustion of fossil fuels. Rapid increases in atmospheric CO, levels 
result in rapid increases in the concentration of dissolved CO, in the ocean 
and other water bodies. CO, in oceans reacts with dissolved minerals as 
increased CO, in water increases its acidity. The CO, interacts with minerals, 
such as calcium, in the ocean, and this immobilization through mineralization is 
a slow process and measured in geologic terms — thousands and tens of thousands 
of years. 

One way to think about this tendency toward equilibrium between carbon 
pools is the example we used for water. Envision several containers filled 
with water connected by tubes, the water reaching a constant level in each 
container (Figure 2.3). If water is added to one container, the level in all 
containers will reach a new equilibrium with the water level being the same but a 
higher level in each container. Similarly, if one of the containers is squeezed, 
shrinking its volume, the water level will rise in each container and again reach a 
new equilibrium. 

For carbon this is similar, but there are two key differences. First, it is the 
proportion of carbon in each pool that reaches its equilibrium. If a system is at 
equilibrium and carbon is added to one pool from another, the system will adjust 
until the proportion of carbon in each pool returns to the equilibrium level. 
The second difference is that while water in our tub and tube example rapidly 
reaches equilibrium, the carbon in the different pools operate at very different 
time frames and reaches equilibrium more slowly. To put the difference in time 
frames in perspective, consider the fact that the tree you see outside and the oil 
and shale in the Permian reserve in the earth’s crust are both parts of this cycle. 

Let us reiterate that nature does not magically make the material appear and 
disappear. The carbon that appears to be lost from one state is just transformed 
into another state by changing its molecular alliances. Hence if you remove a unit 
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of carbon from the atmosphere, this unit has to go somewhere. Most likely, it has 
cycled from its union with oxygen, where it is a gas in the air we breathe, to 
become part of a molecular complex in animals or plants. Given a longer period 
of time, it may become integrated into the soil. And over tens of thousands of 
years, it may become part of oil or coal deposits or even mineral rock. As 
explained earlier, the carbon in long-term storage can, at some time in the future, 
return to the biosphere as CO3. 


Ocean acidity 


Oceans are a major sink for atmospheric carbon, as carbon dioxide. Absorbed by 
ocean waters, a portion of the carbon dioxide transforms into a compound called 
carbonic acid (H2CO3), a weak acid. Remember the discussion of conservation of 
mass; one water molecule combines with one carbon dioxide molecule: H20 (I) + 
COz (g) = H2COz3 (aq). One or even both of the hydrogen atoms are so loosely 
bound to this new molecule that a portion of them dissociate into hydrogen ions 
(H*) and bicarbonate ions (HCO3—). The resulting freed hydrogen proton (the 
atom without its electron) changes the acidity of the surrounding water. [See 
Appendix A for a brief explanation of acidity.] 

Ocean water is slightly alkaline (Rafferty, 2020; U.S. Environmental Protection 
Agency, 2020a, b). Up to the time of the Industrial Revolution, the pH measured 
roughly 8.19. Over the past two hundred years, the addition of carbon dioxide, 
largely though human activities, made it slightly less alkaline (pH 8.05), and thus 
30% more acidic. 

Changing the acidity within the environment triggers a cascading sequence of 
events. Any major change leads to major disruptions in the world around us. 
Acidity affects, among other things, the mass fluxes of chemicals, the chemical 
reactions that occur, and biological productivity. Each of these interact with 
others. Importantly for our discussion, it changes mass fluxes, i.e., the amount of 
COs, nitrogen, phosphorus, that enter one pool versus another and thus are 
biologically unavailable versus existing in a biologically available state. 

Higher ocean acidity impairs the biological formation of calcium carbonate 
shells and structures causing certain ocean corals and the productive marine 
worlds they support to die. Higher acidity also leads to a corresponding decline 
in the rate that Op is absorbed by the oceans. This has a feedback effect 
because less O, reduces biological activity; hence, more CO, stays in the 
atmosphere, leading to warming as will be explained later. Higher temperatures 
also result in less CO2 absorbed by the oceans. 


Experiment 3.1: warm a bottle of soda — the soda contains CO2. Watch the 
bubbles (CO2) rise as the water holds less CO2. 

An example of a CO» reaction with minerals is the white crusting you 
might observe around your faucet that forms over time. If you are industrious in 
your cleaning, you may not observe this at your faucets. However, if your water 
has a high calcium content, the white buildup will be very evident. The 
interaction between CO, and calcium forms limestone. In the rock-forming 
process, this limestone becomes a longer-term sink for carbon. 
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Given prevailing conditions, the amount of carbon absorbed in water and 
contained in air will over larger periods of time come into equilibrium, and the 
change in flows between these pools nets to (essentially) zero. If the situation is 
changed by introducing more CO, (from stored carbon) into the atmosphere, the 
preexisting equilibrium is disrupted and the ocean absorbs additional CO, from 
the atmosphere to establish a new equilibrium to the system. In other words, 
the oceans serve as a ‘sink’ for the atmospheric CO2. Over a long timeframe 
associated with mineralization of carbon, many disruptions of pools will occur 
and new equilibria achieved. 

The properties of carbon in its different molecular forms play an important role in 
processes that can lead to disequilibria and also to more stable long-term 
equilibrium. We will talk in greater detail about events that can cause disruptions 
in later chapters. Here, we will introduce you to several processes involving 
carbon that play a role in how the carbon cycle reacts to these disruptions. Let us 
start with how atmospheric carbon dioxide and methane affect the solar energy 
entering our atmosphere and being retained by the earth. 


3.2.1.3 Effect of solar energy 


Solar energy, energy from the sun, either penetrates the atmosphere or is deflected 
out into space. If the solar energy enters the atmosphere, it can be absorbed by the 
atmosphere or penetrate to the earth’s surface. If it reaches the surface, it can be 
absorbed or be reflected back into the atmosphere. The atmosphere can let the 
energy escape, absorb some portion of the energy, or reflect it back to the 
surface. A molecule that absorbs energy becomes excited — it moves around 
more. We perceive this as rising temperature. Changing the composition of gases 
in the atmosphere affects how much solar energy is retained at the earth’s surface 
and thus temperatures and climatic processes. 

Chemical compounds that increase the retention of solar energy are referred to as 
greenhouse gases. The major gases in our atmosphere, No and O2, which make up 
99% of the mass of our atmosphere, do not have this property. They do not absorb 
infrared energy which is the wave frequency at which heat radiates (Mann, 2019). 
Carbon dioxide and methane are identified as greenhouse gases because they 
absorb infrared waves and hence prevent the escape of heat radiation. For 
this reason, all other things held constant, changing the concentration of CO, and 
CH, in the atmosphere changes earth’s overall temperature. It is important 
to recognize that there are many interactions and feedback mechanisms that 
also influence the earth’s temperature and climate. As we noted earlier, these 
processes operate at different rates, so a process that causes a disruption by 
increasing atmospheric carbon may not be offset for long time. 

Plants and some microorganisms capture solar energy through photosynthetic 
reactions and use it to build the building blocks from the chemical ingredients. 
Over time, this captured solar energy is stored in soils or, in the case of the ocean 
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pool, in detritus that sinks to the lower regions of the ocean. Soils, in turn, over even 
greater periods of time, are mineralized and converted to rock. In the terrestrial 
pools (soils and plants/animals buckets in Figure 3.9), the organic matter can 
even be reduced to complex carbonaceous forms that we call fossil fuels. In the 
oceans, the carbon in detritus is transformed into chemical species that serve as 
long-term sinks for carbon. Limestone is the product of very long-term 
accumulation of carbon-containing compounds and sedimentation in the oceans. 
This latter process occurs of course, exceedingly slowly over thousands and 
millions of years. Thus, over a very long period of time, the crust serves as a sink 
for the carbon in the terrestrial and ocean pools. 

With an increase in carbon, as carbon dioxide and methane, in the atmosphere 
more solar energy is retained as heat which leads to higher temperatures. Higher 
temperatures, in turn, affect that portion of the atmosphere in which we live and 
work. Higher temperatures affect the cycling of carbon through the terrestrial 
pool with the mass of carbon in this pool declining and the amount lost returning 
to the atmosphere. Higher ocean temperatures lead to a lower rate of absorption 
of CO, in the oceans. Whether or not plants will increase production (and thus 
increase their mass of carbon) by absorbing more carbon as a consequence of the 
higher CO, level — thereby reestablishing a carbon balance within the system — is 
unclear (Wong, 2020). 


3.2.1.4 How disruptions to the equilibria among pools can occur — 
atmospheric carbon emissions 


Now that we have discussed carbon pools and sinks, let us examine some of the 
ways disruptions redistribute carbon, most often by returning carbon to the 
atmosphere, and consider how the disequilibrium they cause can impact 
environmental systems. 

Combustion: When most of us think of combustion, fire comes to mind. Fire is 
certainly a prominent form of combustion, so let us start with fire. Light a match and 
feel the heat. The matchstick blackens and diminishes in size as the combustion 
causes the carbon to escape. As you are probably getting tired of being reminded, 
the carbon did not disappear, it transformed. The combustion, fire in this case, 
supplies energy that results in the breaking of carbon bonds in wood and 
replacing these with bonds with oxygen. The gas carbon dioxide is formed and 
then escapes into the air. 

Fires that occur naturally or part of ecologic cycle: A corollary to combustion is 
the occurrence of forest and grassland fires periodically in the lifecycle of 
ecosystems. The great American conservationist Aldo Leopold (Tanner, 2012) 
described how fire plays an important role in preserving soils and hence restoring 
the basis of ecosystems, particularly in the more arid western regions of the 
United States. Over time, carbon and hence also the nutrients associated with the 
carbon build up in plants and dead matter. Wood in trees and shrubs can store 
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large amounts of carbon. By releasing the carbon stored in vegetation, nutrients are 
freed to return and replenish the soils. Combustion shifts carbon from the terrestrial 
pool to the atmospheric pool momentarily and enriches the soils enabling vegetative 
growth to recapture the carbon and return it to the terrestrial pool. Overtime, a 
portion of this carbon in the terrestrial pool moves to longer-term storage, thereby 
sequestering and removing it from short-term cycling (National Geographic, 2020). 


The difficulty of restoring ecosystems altered 
by humans 
In post-industrial societies around the world, there has been a movement to 
restore lands to their original ecosystems or preserve them in what is believed 
to be their original state. Perhaps the most telling example is the emerald green 
peatlands of Ireland. As ecologists set about establishing standards to protect 
certain ‘pristine’ lands, they discovered that the almost treeless landscapes that 
most Irish consider original (or unaltered by man) and that coincidentally 
appear almost as putting greens — thereby occupying a space in the national 
character — are not virgin. In fact, the lands had originally been forested. Some 
time long ago, the trees were chopped down. The result was the deep green 
peatlands we know today. Thus, the question becomes the following: to what do 
you restore a human-altered landscape? The question is not one that science 
can necessarily and easily answer. Science can more readily tell us what 
ecosystem characteristics are possible given climatic circumstances. Indeed, 
social preferences play perhaps a more important role in decoding the dilemma. 


Combustion and fire 


We have all watched a fire consume the paper, kindling, and wood that once filled 
the fireplace, and leave a small pile of ash. This example illustrates how mass is 
conserved, though changing form and state. We know that the carbon in the 
combustion material interacts with the oxygen in the air to become the gas 
carbon dioxide. Not as easily observed is the combining of oxygen with nitrogen 
in the air, though only at high temperatures, to make nitrogen oxides, other 
gases. Both reactions are made possible because the energy released by the 
combustion broke bonds between the nitrogen and oxygen atoms in the N and 
O, molecules. This freed the atoms to combine with each other and carbon. As 
the carbon in the combustible material is used up and the fire eventually 
quenched, the result is a shift of mass in each pool (biologic to atmospheric) 
through molecular recombination. Overall, mass is conserved. 


Land cover change: Different land covers process and hold different amounts of 
carbon. Changing these covers from one to another changes the carbon stored and 
processed. When a cover such as a forest or wetland that contains relatively large 
amounts of carbon converts to rangeland or cropland that holds smaller amounts, 
carbon is released, generally into the atmosphere. Over short periods, the amount 
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of carbon absorbed from one land cover can vary significantly. Over long periods, 
the changes in the amounts that are absorbed into the terrestrial pool can be quite 
substantial and cause disruptions (disequilibrium) between the terrestrial and 
atmospheric pools. Consider for example the change in the mass of carbon in the 
terrestrial versus the atmospheric pools during the ice ages or the tropical 
conditions that existed in the Jurassic Period (Tang, 2020). 

Volcanoes: Volcanoes bring to the earth’s surface materials containing carbon, 
generate CO, emissions, and ignite forest and grassland fires. The fires that occur 
from eruptions are normal occurrences in ecosystems around the world. Over 
millennia they have resulted in CO, emissions that roughly canceled the amount 
of CO, that was sequestered by plants and microorganisms on land and in the 
seas, leading to a net CO, flux that was generally zero or slightly to the benefit of 
sequestration. This slight net absorption of CO, by plants relative to emissions 
by fires over a long period of time explains, in part, the slow decline in 
atmospheric CO, during the periods between ice ages that has been detected by 
an examination of ice cores and other physical earth records. It also explains why 
scientists once postulated that the earth was headed toward a new ice age. 

Oceanic versus terrestrial photosynthesis: How important is the land versus the 
ocean in fixing carbon? This is not an easy question to answer. One cannot easily 
go out on land and the sea and measure plant and soil growth. At best we can use 
models utilizing data on ecosystems, the extent of ecosystems, and limiting 
factors, such as nitrogen, phosphorus, and water, and temperature, to develop 
feasible scenarios and estimate the corresponding answer. One hypothesis is that 
photosynthesis on land and sea is roughly equivalent (Field et al., 1998). 


3.2.1.5 Natural constraints on productivity 


If we remember that life follows a recipe that must be strictly observed, we can 
surmise that the most productive areas are likely to be areas with ample water, 
nutrients (whether coming off the land or carried by rivers), and temperatures that 
do not freeze cellular activity. Coastal continental shelves, estuaries, regions 
with high rainfall, and wetlands each meet these criteria, and the continental 
shelves, estuaries, floodplains, and wetlands are all extremely productive because 
they have all these ingredients including temperatures that are neither too hot nor 
too cold. For this reason, they convert large amounts of CO, into organic carbon. 
Wetlands and floodplains can sequester some quarter metric ton of carbon per 
hectare per year (223 pounds per acre) (Lal et al., 1998a). Drawing on an 
analogy from our children’s fairy tales, these highly productive systems have 
Goldilockean qualities. On the other hand, much of the earth’s surface is not 
nearly as productive due to one of several limiting factors. Although they cover 
most of the earth’s surface, much of the ocean area is not very productive. Even 
though CO, is readily available, and there are numerous locations where there is 
ample phosphorus, oceans tend to be low in nitrogen (Smith, 1984; Zehr & 
Ward, 2002). The scarce nitrogen limits the construction of life’s building blocks 


Conservation of mass or everything goes somewhere 45 


and thus the propagation of plants and microorganisms. Terrestrial systems, on the 
other hand, tend to be constrained by water as well as limited amounts of 
biologically available nitrogen and phosphorus (Lal et al., 1998b). The 
productivity of rivers, except at their headwaters, tends to be limited by a lack 
phosphorus. 


3.2.1.6 Role of temperature in the carbon cycle 


Temperature matters both to the form of carbon, but also in what pool it is found 
(i.e. in the ocean, biological, atmospheric, soil, or crust) and to its availability 
within the biosphere. Sufficiently cold temperatures that continuously freeze land, 
as in the northern hemisphere’s boreal region, prevent the decomposition of plant 
matter. The resulting permafrost soils accumulate organic carbon from the 
growth cycle of each year. Soils in these regions can be very deep, containing 
large amounts of carbon drawn over time from the atmospheric pool (Sherburne, 
2020). Thus, these soils store carbon that otherwise would occur as carbon dioxide 
and reduce the amount of CO, in the atmosphere where it would have acted as a 
greenhouse gas. Temperatures that rise to the point that permits these permafrost 
soils to defrost result in the stored vegetation decomposing and releasing the CO2 
back into the atmosphere. Although the warmer temperatures will increase 
photosynthesis and the carbon contained in this year’s vegetation, the net effect of 
the higher temperature is to transfer carbon into the atmosphere — because the 
carbon released from the decomposition of the previously stored vegetation 
overwhelms the carbon captured in the vegetative production of the current year. 

In temperate regions, plants have adapted to the current temperature conditions 
over tens of thousands of years. A significant shift up in temperature moves 
many if not most plants, out of this sweet zone, lowering productivity, reducing 
plant growth and yield. Moreover, the effect of temperature on climate (and 
thus on water availability due to changes in evapotranspiration and perhaps 
precipitation) means that this one key ingredient for biological action changes, 
altering the conditions for plant growth. Even with higher CO, levels which 
theoretically could promote plant growth, the absence or surplus of water, as we 
have seen, a key ingredient in biological activity, impedes growth. Over 
thousands of years, plants can adapt by either migrating or evolving. In general, 
higher temperatures lead to less organic carbon in the biosphere. Systems adjust 
to these new circumstances by losing soil carbon. This is precisely what has been 
happening in recent years in the boreal forests of Siberia, Canada, and Alaska 
with constant forest and peat fires, that is combustion and the generation of CO, 
from what was carbon in the biological and soils pools (Sazonova et al., 2004; 
Schuur et al., 2018). 

In areas with a greater range in climate conditions, such as California, seasonal 
wetness leads to explosive plant growth and hence carbon capture which in turn 
is often explosively released in grass and forest fires. Soils and the vegetation 
have evolved to readjust to lower water availability in drier seasons. Over 
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millennia plants have adapted to these extremes by storing in the soil the excess 
carbon accumulated in good years. The aforementioned plant burns, but the roots 
or seeds persist allowing for regrowth when water is again available. The carbon 
serves like a sponge holding in water. Ever rising temperatures, however, lead to 
ever declining levels of carbon in these soils. The sponge gets smaller holding 
ever less water to help the plants withstand weather extremes. 

In the ocean, one can witness a different effect but with the same impact on CO2 
levels in the atmosphere. Colder water holds more dissolved carbon dioxide. One 
can also witness this phenomenon in our experiment with carbonated water. As 
the water in oceans gets warmer, its capacity to contain carbon dioxide decreases 
(National Space and Atmospheric Administration, 2019). Even though roughly a 
third of new CO, emitted into the atmosphere gets absorbed by the oceans, ocean 
currents can result in net emissions as warmer temperatures cause upwelling and 
mixing of ocean layers. In combination with the higher acidity of water from 
higher atmospheric CO, [see textbox on Ocean Acidity], the conditions for ocean 
microorganism growth changes. Phytoplankton, which are located at the bottom 
of the ocean’s food chain, become less productive. Less productivity means less 
carbon fixation even as more carbon is being absorbed. 


3.2.1.7 Summary 


In telling the story of carbon, we have to reiterate that our biological world centered 
around carbon is a larger system composed of interlocking smaller systems. All parts 
of the system are important for the health of the whole. Removal or disruption in one 
part has consequences for all other parts of the system, although these effects may 
occur at varying temporal and spatial scales. Witness how higher organisms such as 
birds, buffalo, and salmon help distribute nutrients and enrich the system (Gende 
et al., 2002). Carbon in the biological pool above ground, such as trees and grass, 
feeds the soil carbon pool below ground. A change to one affects the health and 
viability of the other. Carbon in the air cycles with carbon in oceans and 
terrestrial systems. Temperature and water are affected by what happens to the 
carbon in all its forms. 


3.2.2 Nitrogen 


The story of nitrogen (N) provides a good introduction to how single chemical 
elements can assume many forms with vastly different properties and ecological 
consequences. It illustrates the many chemical paths an element can take. It also 
shows how humans can alter natural cycles through innovation, in this case an 
artificial fertilizer for crops and the intensified use of leguminous, that is, or 
nitrogen-fixing crops. And it explains how disturbance in the balance in one 
chemical’s cycle impacts those of others. 

You breathe nitrogen in every minute of every day, yet the nitrogen you 
breathe is not absorbed into your body, but is expelled in the same amount that is 
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inhaled. It is the nitrogen that you eat and must consume in significant quantities to 
live, which is taken in by your body. This nitrogen you get from legumes, and 
especially meat, fish, and dairy products. It is what, in one form, is severely 
limited in quantity in nature and, in other forms, present in vast, almost 
unlimited, quantities. 

Nitrogen as Nz makes up some 78 percent of the earth’s atmosphere, but only 
a small portion of nitrogen is biologically available, because as No it is inert. If 
you remember the example of the balls and sticks (Figure 3.5), N, is represented 
by two balls that are tightly bonded to each other. Natural processes involving 
large amounts of energy (e.g., lightning and combustion) and biological fixation 
break the strong N, bonds to make nitrogen available in a reactive form 
(henceforth referred to as rN), literally out of thin air. As a plant nutrient, rN 
supports plants in grasslands, forests, and oceans. These plants are food for fauna 
and, as food, supply rN to animals. Plant material when it is shed or dies, delivers 
rN to the soil where it can be recycled and nourish other plants. With rN 
available, life blooms because it is generally the limiting factor for growth. 
Excess rN,; however, causes fragile ecosystem systems to fail. 

The locking up of rN in soils or in minerals on land or in the ocean in complex 
compounds prevents its release into air or water as reactive forms. If sufficiently 
buried in the soil or if the land is not disturbed, these latent forms of rN are 
unavailable to interact with other elements that would return them to a more reactive 
state. They exist as organic matter in soils or in isolated conditions deep in water 
bodies, such as oceans and lakes. Nitrogen is also locked up in chemical complexes 
with minerals deep in the earth. There is a time dimension to the question of 
reactivity or availability. Today, nitrogen may not be available to react. In the future, 
environmental conditions, such as a volcanic eruption, flood, drought, or 
earthquake, may cause it to be again ‘reactive.’ However, only a major natural 
disturbance results in their release and conversion. Hence, in any discussion of 
nitrogen be aware that there may be agreement with regard to the science of nitrogen 
but in disagreement with regard to the time scale in which the nitrogen availability 
occurs. 


3.2.2.1 Nitrogen pools 


Nitrogen, like carbon, is stored in pools. Unlike carbon, over 99% of all the mass 
of nitrogen is present in the atmosphere as the gas, No (Figure 3.11, Table 3.1). 
[There are a wide range of estimates for nitrogen stocks, however, there is broad 
agreement concerning the relative values of the of the amounts in the pools.] Less 
than one percent of nitrogen is stored within the earth’s crust, dissolved N, in 
ocean waters, or as non-organic compounds in the oceans. A very, very small 
percentage is present in soils and an even smaller percent is present in biomass in 
the biosphere. Only some 0.005% of the mass of nitrogen is reactive, that is, 
available in a form that can react with other atoms and can be incorporated into 
life. In other words, nitrogen is scarce in nature in forms that can be incorporated 
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Figure 3.11 Nitrogen pools. 
Table 3.1 Nitrogen Pools. 
Non-reactive nitrogen Atmospheric (N2) 99.3245% 
Sediments (crust) 0.54% 
Ocean dissolved N2 0.1242% 
Reactive nitrogen Ocean inorganic N 0.0015% 
Soil 0.0024% 
Terrestrial biomass 0.0009% 
Atmosphere N20 0.0003% 
Marine biomass 0.00006% 


Source: U.S. Environmental Protection Agency (2009). 


into living organisms. This has implications for natural resource and environmental 
management, because humans have, since the early twentieth century discovered how 
to overcome this scarcity and create new reactive nitrogen from inert nitrogen. 

Most of the rN is not in a form that is bioavailable (Table 3.1), and the great 
majority of rN is locked up in soils (in complexes with carbon and phosphorus). 
Soils serve as a sink for excess rN where it can be stored for centuries if not 
millennia. The amount of rN in all the plants and animals on the planet is only 
about one-third of what is present in soils (U.S. Environmental Protection 
Agency, 2009). 


Reactive nitrogen definition 
Definition of available rN for the purposes of this book: 


e rN that is not locked up in organic complexes (soils with carbon-to-nitrogen 
ratios generally of 10 to 12). 
rN not in other long-term storage. 
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Nitrous oxide 


Nitrogen oxides (NOx) (N20) 
2 


Ammonia D 


Ammonium (NH4) 
Amino acid 


Figure 3.12 Various reactive forms of nitrogen. 


Reactive nitrogen is limiting to biological systems because it is scarce 
and biological reactions stop when the available nitrogen runs out. 
For this reason, changes in rN availability have enormous environmental 
consequences. 

So, if available reactive nitrogen is so scarce, how did it become available in 
the first place? When there is lightning, there is more than just rain and flashes 
of light. The electrical energy from the lightning splits nitrogen molecules, 
otherwise inert in the atmosphere, and releases single nitrogen atoms, which on 
their own are not stable. These atoms react with other constituents of air 
(principally oxygen) to form temporarily stable, but nevertheless reactive forms. 
These molecules fall to earth, generally bound to the water falling as rain. Once 
it becomes reactive, nitrogen can bond with other elements, such as hydrogen), 
and readily form a wide array of molecules (such as ammonia (NH3) 
(Figure 3.12) and nitrate (NO3_) and be taken up by plants. It is estimated that 
some 5-8% of rN is produced this way each year. Nearly all the rest of 
naturally occurring reactive nitrogen is formed biologically by microorganisms 
in the soil or on the surface of water. 

As opposed to No, reactive nitrogen changes its molecular form relatively 
easily. This presents one of the major considerations for environmental 
management. The three most important forms of rN that need to be 
remembered are as follows: nitrate , ammonia, and nitrous oxide (N20). Nitrate 
is the primary form that is taken up and utilized by plants. Ammonia 
results from the decomposition of natural organisms. Ammonia can be toxic to 
animals, fish, and humans depending upon its concentration, usually in 
water. A variant form of ammonia, ammonium (NH,*) (Figure 3.12), forms the 
core of amino acids, the building blocks of proteins that serve as biology’s 
master builders. Nitrous oxide is a byproduct of the denitrification process, 
but not solely — the conversion of NO3 to Nọ — whereby oxygen enters and 
disrupts an anaerobic system. The roles of rN as ammonia and nitrate are vital 
to life. 
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Reactive nitrogen today 

The initial sources of rN do not account for all of the reactive nitrogen now in the 
environment. Much of the rN has been created by humans using the 
Haber-Bosch process, which converts N2 from the atmosphere into ammonium 
for fertilizers and industrial use. Another large source of reactive nitrogen is the 
combustion of fossil fuels. Humans even affect the amount of biological fixation 
by their choice of growing nitrogen-fixing crops such as legumes. Soybeans are 
an example of legumes. Globally some 100 or more teragrams (a trillion grams, 
a billion kg, or one one-thousandth of a gigaton) of nitrogen is captured and 
thus made biologically reactive and useful through biological fixation (Bezdicek 
& Kennedy, 1998; Vitousek et al., 2013). This is compared to roughly 3—10 Tg 
that comes from generation by lightning (Fields, 2004). The exact number of 
teragrams both from lightning and from biological fixation, a subject debated 
academically, is not important for us in this discussion. A rough estimate of the 
total amount generated naturally is important, however, when, as we will do in a 
later chapter, compare the number to how much reactive nitrogen is being 
introduced into our environment through human activities. 


Reactive nitrogen can change its molecular form quickly in the biosphere. 
Ammonia under the right condition readily converts to nitrates and nitrates to 
nitrous oxide. Most common forms of reactive nitrogen travel easily and quickly 
through our environment. Nitrate is water-soluble and thus is transported with 
water as it moves across and through the landscape. Nitrous oxide is transported 
as a gas that reaches the upper atmosphere. Eventually over an extended period 
of time that involves many years, it converts back to N, or it reenters the cycles 
of transformation from one form of reactive nitrogen to the next. 

Because the nitrogen atom, once freed of its partner atom, is so biologically 
reactive, natural processes capture it, making it again scarce. In a natural world, 
unaffected by human activities, rN is quickly taken up by living organisms and 
bound up in complexes that make it unavailable for further reactions. This 
capturing occurs by incorporating rN into longer molecular chains, such as 
proteins, or in dense organic complexes, such as soil humus. The rN is quickly 
recycled through the various media of our environment. The living world grabs it 
and holds onto it tightly in its various forms as quickly as it is freed up, whether 
as a small molecule such as nitrate or ammonia or in ts other manifestations in 
combination with other elements in the environment. Rarely, except with human 
intervention, is rN found free as nitrate or ammonia in rivers, streams, or the ocean. 

Illustrated below are six examples of reactive forms of nitrogen commonly found 
in the environment (Figure 3.12). The mid-sized shaded or blue balls represent the 
nitrogen atom, the larger red ball the oxygen atom, the smaller white ball the 
hydrogen atom, and the darker gray the carbon atom. Under terrestrial conditions, 
these forms regularly transform from the one into the next through both biotic 
(and abiotic processes). 
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Plants are a good place to begin the examination of the cycling of reactive 
nitrogen. Plants take up and cycle rN from the soil, as do microorganisms. 
This nitrogen is used in the organisms’ growth and biological functions. Some 
plants themselves bring their own nitrogen-fixing microorganisms with them. 
These plants, legumes such as clovers and soybeans, produce root nodules that 
are populated by microorganisms that fix atmospheric nitrogen into reactive 
nitrogen available to the plant. When plants die and their chemical constituents 
are released, primarily through microbial action, nitrogen is released, generally 
as nitrate or ammonia. 


Reactive nitrogen is a limiting factor for biological systems and for this reason 
ecosystems have developed in ways to maximize its reuse. Ecosystems vary in 
their efficiency in cycling nitrogen, but no system is perfectly efficient. Efficient 
systems capture the nitrogen within plant matter which can accumulate over time, 
storing nitrogen in soil organic matter. Not all reactive nitrogen, however, is 
destined for incorporation into living organisms. Less-efficient systems leak 
nitrogen, with some escaping as NO; and N30. 

Microorganisms play a critical role in cycling organic matter and the rN it 
contains. The processing of organic matter by microorganisms depends upon 
the temperature and hydrologic conditions. These conditions determine the rate 
of decomposition and the molecular forms of carbon, nitrogen, and phosphorus 
generated by soil microorganisms. Where soils are not saturated and aerobic 
conditions exist, biological processes convert the reactive nitrogen into 
oxygenated forms such as nitrate. In wetlands with saturated soils, anaerobic 
conditions exist where denitrifying bacteria convert free nitrate (i.e., rN that has 
not been incorporated into new soil) back to nitrogen gas (denitrification). 
Wetlands, therefore, serve to complete the cycle of converting residual rN 
back to its inert form in the atmosphere. Nitrous oxide, laughing gas, is 
a biproduct of the denitrification process, which is no laughing matter. It is a 
potent greenhouse gas and stays in the atmosphere on average 114 years. 
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Nitrous oxide can leave the atmosphere by reacting with stratospheric ozone 
(Bond, 2009). 


3.2.2.2 Nitrogen transport 


Nitrogen can cycle through the environment in ways other than chemical 
transformation. Reactive nitrogen dissolves in water as nitrate. Once in water, it 
can be transported to streams, rivers, lakes, and estuaries. Although nitrate is 
valuable as a nutrient to aquatic organisms, excessive amounts of nitrate can 
cause conditions deleterious to higher organisms, such as fish or humans. These 
excesses are the result of additional rN, exceeding the amount of rN these 
systems can process, being introduced into natural biological systems. The excess 
rN upsets the balance between the organisms within these natural systems 
stimulating some species, often exotic aquatic plants, which benefit from 
additional rN at the expense of others. In aquatic systems, the species benefiting 
can dominate the native flora creating algae blooms. When these algae die, 
microbial populations spike as they feed on and decompose the algae, generally 
resulting in oxygen deprivations for other organisms in the system. Even with 
this proliferation of growth, all of the rN is not utilized, and the residual is 
transported downstream. 

Clearly, transport by water takes nitrogen from one location with associated 
impacts to another location where it can have a very different effect on the 
environment. The different impacts are a result of changes in variables such as 
salinity, temperature, pH, oxygen level, and residence period, as well as the 
biological community present. Each of these variables affects both the positive 
and negative impacts of rN on the environment. One example would be from a 
river flowing into an estuary where by the same concentration in each can have 
very different ecological consequences. Nitrogen is also transported physically by 
air, animals, and in particular humans. Animal migration or livestock transport 
along with commerce in crops moves large quantities of organic matter, including 
nitrogen in the form of amino acids in protein. Agricultural production and 
food distribution result in nitrogen being transported as fertilizer, grain, livestock, 
and food. This transports nitrogen to areas where it can disrupt environmental 
systems in the new location that needs to process the additional nitrogen. Water, 
air, and other resources can be disrupted if the system cannot process (“fix” into 
longer term storage) the additional rN. 
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Ammonia is a form of rN primarily produced from the chemical breakdown 
of proteins in animal waste products but also from plant decomposition. It is most 
common in gaseous form and is also water-soluble. When it is released into the 
air as ammonia gas, it can be transported considerable distances under certain 
weather conditions. Wetlands — though generally a sink for rN — can also be a 
source. When wetland soils are disturbed either naturally through a geologic 
upheaval or by human alteration, nitrate and ammonia can be released, the former 
through water and the latter through air transport. 

Reactive nitrogen ends its journey through the biosphere when it is either 
changed into a form that is no longer bioavailable, such as in soil complexes, in 
buried organic materials, or back into non-reactive N>, nitrogen gas. In addition 
to wetlands, well-managed agricultural and forest soils also lock away reactive 
nitrogen and make it unavailable for further interaction with other components of 
the biosphere. Retention by these soils is less permanent than transformation back 
to N, or storage in deeply buried materials. 


3.2.3 Phosphorus 


At this point in our narrative, we need to introduce phosphorus (P) the other 
key nutrient that plays an outsized role in current resource management. 
Phosphorus, as has been mentioned earlier, is highly reactive and therefore does 
not occur in nature alone, but rather as phosphate (PO,). It generally combines 
readily with oxygen atoms as a molecular complex that in turn can bind with 
other atoms, such as calcium, a mineral element. Unlike nitrogen that literally 
comes from the air, phosphorus as phosphate is generally found bound tightly 
to minerals in large rock formations. It is not normally water-soluble, but 
can become soluble when a substrate, such as soil, becomes saturated with 
phosphate leaving no more binding sites for the excess, which goes into solution 
with water. Phosphorus in the form of biologically available phosphate is 
scarce. Phosphate becomes available to plants when minerals containing 
phosphate are weathered and decompose into their component parts. What is not 
taken up by plants and microorganisms is quickly bound to soil or other 
substrates. Without human intervention, it is, like reactive nitrogen, scarce and 
biologically limiting. 

In nature, large quantities of phosphate occur where animal waste has 
accumulated over large periods of time, such as deposits of guano from bird 
waste. The mineral apatite, a mined source of phosphate, was formed from 
marine deposits where sea organisms accumulated over many thousands if not 
millions of years. These organisms collected scarce phosphate made momentarily 
soluble through mineral weathering and then died, creating layers of sediment 
that over time became rock. 

Together with reactive nitrogen and carbon, phosphorus plays a critical role in 
forming the building blocks of life. Like reactive nitrogen, too much phosphate 
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poses an existential threat to higher organisms. Concentrations of phosphate in 
water bodies, something that normally does not occur in nature, represent a 
serious pollution problem for humans and animals with a similar effect as for 
excess rN. 

Soils are a major sink for phosphorus. Soils retain a considerable stock of 
phosphorus but in a manner where only a small amount is biologically available. 
Phosphate is removed from the biosphere through the very slow process of 
mineral formation, a process whereby soils and sediment washed off the land into 
seas become deeply buried and become compressed into sedimentary rock. 
Mineral formation occurs at a temporal scale measured by millennia or eons. 

How is phosphate transported from one location to another in natural systems? 
The most important natural modes of transport for phosphate are rivers and wind 
(Mackey & Payton, 2009; Science News, 2015). Weathering events that make 
phosphate available to plants can occur from thousands of miles away (Wind and 
Phosphate Box). As with nitrogen, agricultural production and food distribution 
result in large amounts of fertilizer, grain, livestock, and meat and the phosphorus 
they contain being transported between ecosystems. What this means is that 
phosphorus in biologically available form can be transported to locations where it 
is scarce or does not occur naturally. 


3.2.3.1 Phosphorus pools and cycling 


The important thing to bear in mind is that only a minute portion of phosphorus is 
biologically available. As explained in Figure 3.13 (the arrows in the figure above 
represents the major flows between pools). The vast majority of phosphorus lies in 
sedimentary rock. The mineral apatite is a major source of phosphorus. In the earth’s 
crust, there is some 4 x 10'° metric tons. Compare this number to 2.8 x 10° metric 
tons of phosphorus in living biomass. Dead organic matter contains some 100 times 
more phosphorus, but the sum in living and dead biomass represents only about 
0.01% of what is present in sediments and sedimentary rock (Canfield et al., 
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Figure 3.13 Phosphorus pools. Arrows indicate flows between pools. 
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2005). When viewed a bit differently, there is some 90-200 x 10° million metric 
tons (MMT) (90,000 to 200,000 MMT) P in the soils of the world. The 
bioavailable phosphorus pool is only some 1.805 to 3.0 x 10° million metric 
tons (1,805 MMT to 3,000 MMT) of phosphorus. Seawater holds some 80- 
120 x 10° MMT (80,000 to 120,000 MMT) of phosphorus (Figure 3.13). 


Although weathering makes new phosphorus biologically available, the descent 
of detritus to the bottom of water bodies completes the cycle. This phosphate has 
been transported by rivers and wind to oceans and lakes. Most of it combines 
with the element calcium to form calcium phosphate. The uplifting of the land 
exposing the sediments to the weather renewing the process takes eons. In 
contrast, the process that occurs on land with the transfer of phosphorus from the 
soil to plants, then to animals and humans, and back to the soil, generally 
mediated by water, proceeds over weeks and months (Liu & Chen, 2008). 


3.2.3.2 Summary 


Our major ingredients of life, carbon, nitrogen, and phosphorus, occur in many 
forms, often changing from one into another and between different states, solid, 
liquid, and gas. But, the mass, that is the number of atoms, is conserved. Just as 
in our play with LEGO™ pieces, the number of pieces at the beginning of our 
day when we constructed our imaginary world of people and things remains the 
same at the end of the day after all has been deconstructed and put away for play 
on another day. 


Chapter 4 


Soils, or how dirt plays a part 
in the precarious balancing 
act of cycles 


The Nation that destroys its soil destroys itself. 
— Franklin Delano Roosevelt, 1937 


Soils are the Rodney Dangerfield of natural resources: “They get no respect’. 
We walk all over them and call them dirt. But they are essential for life as we 
know it, providing nourishment for plants, filtering and storing water, and 
serving as a habitat for insects and microorganisms that are critical for cycling 
carbon and nutrients. Understanding the services that soils provide is essential 
for effectively managing the environment and protecting and conserving natural 
resources. From the perspective of humans, soils are vital, for we would have 
no agriculture, no food, and no civilization as we know it without this 
essential resource. Soils interact with our atmosphere through the hydrologic 
cycle by determining the amount of evapotranspiration which in turn can 
influence the local climate (Abramopoulos et al., 1988; Miller and White, 
1998; US Global Change Research Program, 2014). They even affect the 
temperature we experience. Soils play the same role for the earth as our skin 
does for us, protecting the internal us from the elements (Suszkiw, 2017). Soils 
also keep us safe by preventing nasty stuff, like toxic metals, from 
contaminating the biological world in which we live. Last, but not least, soils, 
as we will show, affect how water flows and thereby the transport of carbon, 
nitrogen, phosphorus, and other materials. 
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The role of soil as a regulating medium is often overlooked, but it is essential. 
Although nature constantly changes, it seemingly stays the same. The seasons 
come and go, temperatures rise and fall, storms rage, and droughts happen. 
Dynamic processes cycle with the physical, non-living world dictating conditions 
and flows in the biophysical world. And yet with all the dynamism we observe, 
the world stays within familiar boundaries — balanced, that is, in harmony so to 
speak. We take our current comfortable conditions for granted. However, within 
these biogeochemical states, the key ingredients of life — carbon, nitrogen, and 
phosphorus — cycle. They change molecular form and state (gas to liquid to 
solid). Over the expanse of time, much of what is reactive has gone into 
long-term storage in the earth’s crust, deep ocean waters, sediments, or, 
importantly, in soils. The interplay of the cycling of the reactive components with 
the physical states establishes limiting conditions for biological organisms. These 
components also interact with physical or environmental factors, such as 
temperature and water. A change to this balance has repercussions on our 
physical conditions, the quality of our environment, and the natural world we value. 

In this chapter, we discuss how natural systems — with soils at their core — 
regulate the availability of reactive forms of carbon, nitrogen, and phosphorus to 
make them scarce within the environment. In later chapters, we discuss why this 
is important and how changing the availability of these reactive forms jeopardizes 
higher, more complex life forms with which we are most familiar — animals and 
plants, and humans — and thus the quality of human life. 


4.1 WHAT ARE SOILS? 


Soils are the nexus between air and water resources, plants and animals and the 
habitats in which they exist, and the physical world of reactive (bioavailable) 
versus nonreactive (inert) chemical components of our biosphere. Soils provide 
the conditions necessary for carbon, nitrogen, phosphorus, and other nutrients to 
be taken up by plants, decomposed by insects and microorganisms, and 
transformed within their cycles. These processes help determine environmental 
and resource quality in our contemporary world and will be discussed later, but 
for now let us answer the question, ‘What is soil?’. 

The simplest explanation is that soils are the skin of the earth, the layer of material 
that interacts with air, water, and most terrestrial vegetation. However, a more 
technical description is useful for understanding how they function within the 
natural cycles we are examining. So, let us use the definition — a soil is a 
dynamic matrix of mineral particles, air, water, organic matter, and living 
organisms. The proportions of the inorganic components, that is, non-carbon 
compounds, determine the properties a specific soil will have. Two of these 
components, water and air, can be very dynamic, changing with the weather and 
other processes. The mineral component is generally very stable, with changes 
taking place on a geologic time frame. The organic component changes with 
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changes in management, land use, and vegetative cover. Soils play a role in 
capturing essential nutrients from our environment, filtering what enters the 
terrestrial realm, regulating how much water may infiltrate and thus become 
groundwater or be available for runoff, and protecting earth’s components within 
and under soil from dispersal (see http.www.soils.org website for greater 
explanation of what soils are, how they form, their different types, and their 
importance). 


4.2 CYCLING THAT OCCURS ON A HUMAN SCALE 


For resource management, it is the bioavailable, reactive portion of the mass of 
carbon, nitrogen, and phosphorus that is our focus. These bioavailable forms are 
maintained at a, more or less, constant proportionality (ratio to each within the 
soil and ocean pools). In other words, over time, their proportions tend toward an 
equilibrium or balance (Cleveland and Liptzin, 2007; Fang et al., 2019; Griffiths 
et al., 2012; Tipping et al., 2016) whereby if one mass changes, the others will 
adjust accordingly. This applies to soils in temperate climates as well as in the 
arctic or equatorial regions and oceans throughout the globe. [Because this book 
is focused on the management of terrestrial systems, we mention the importance 
of ocean processes that drive the balancing of carbon, nitrogen, and phosphorus, 
the so-called Redfield Ratio (Gruber and Deutsch, 2014), but elaborate the 
concept using soils.] By serving at the core of cycling processes, they connect 
with longer-term storage pools whereby excess portions are locked away, no 
longer available for the biological processes we observe. The biological processes 
in these pools, by balancing the ratios among these elements, play a core role in 
ecosystem functioning. 

Because of the importance of soils to environmental and resource management, 
we repeat points made earlier. Soils are composed of organic matter (decomposed 
plants and animals), weathered bedrock minerals, air, and water. In them, the 
chemical elements of life (carbon, nitrogen, and phosphorus) have been 
incorporated into biochemical complexes that scarcely resemble the 
microorganisms, plants, and animals from which they are derived. 

You can imagine the components of the water, carbon, nitrogen, and phosphorus 
cycles as diverse gears that mesh with each other (Figure 4.1). The gears turn, each at 
their own speed — some fast, some slow, and others at rates almost imperceptible to 
us. Changing the size of the gear or speed at which any one of them turns affects the 
others, though the consequences may not be observed for a long time. The 
relationship among bioavailable carbon, reactive nitrogen, and bioavailable 
phosphorus is analogous to these gears. As we point out and emphasize in the 
chapters of this book that follow, human actions that interfere with the meshing 
of these cycles have caused consequences that can take years to play out. 
Because this book is about managing natural resources and the environment — a 
positive message — we lead the reader to the questions and the tools (practices 
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Figure 4.1 The nitrogen, carbon, phosphorus, and water cycles are closely 
connected to one another, but the speed at which the cycles respond to changes 
can differ. Image source: Wikicommons. 


and policies) for restoring balance, if not mitigating the adverse consequences 
associated with imbalances, in later chapters. 


4.3 SOILS: WHERE THE CARBON, NITROGEN, AND 
PHOSPHORUS AND WATER CYCLES MEET 


At the heart of these dynamic interactions lie soils. We repeat this point made above 
because of its importance. It is in soils that the biochemical reactions take place that 
enable carbon and bioavailable nitrogen and phosphorus to be stored. It is here that 
relatively constant ratios between these critical elements (see box on Carbon, 
nitrogen, phosphorus soil ratios) are maintained. Soils are the foundation upon 
which the ecosystems depend. And ecosystems are what we depend on for our 
existence. 

Soils serve as the third largest sink for carbon, after earth’s crust and the oceans. 
They are a major sink for carbon, rN, and phosphorus, but are variable in how much 
they store. Soils in environments with little water contain much less carbon than 
grassland, prairie, or forest soils that are often converted to agriculture. For 
example, US temperate grasslands, which have a generally moderate climate, 
have on average 189.1 Mg per hectare of total carbon per square kilometer (Lal 
et al. (eds.), 2017 and 2018b). In contrast, desert scrub averages 57.8 Mg per 
hectare, while swamp and marsh have on average 725 Mg per hectare (Lal et al. 
(eds.), 2017 and 2018b). Wetland soils are effective in storing plant material and 
making it unavailable for further reaction within the biosphere. They take carbon 
dioxide out of the air and hold it in the ground (carbon sequestration). Organic 
soils associated with wetlands sequester much carbon and can have organic 
depths of dozens if not hundreds of feet (Sazonova et al., 2004). Wetlands are so 
effective at this that over periods measuring tens of thousands of years, these 
soils could actually lead to significant reduction of atmospheric CO, levels and 
thus a global cooling if no disturbance occurred to release the stored carbon 
(Lal et al., 1998a, b; Nahlik and Fennessy, 2016). Some have suggested that the 
process of land storage of a massive amount of carbon contributed to past ice 
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ages (Rayner et al., 2016). These soils can accumulate massive amounts of carbon 
that can become, after burial by sediments and over hundreds of thousands and 
millions of years, petroleum and coal deposits (National Geographic, 2020). 

Intrinsically intertwined with soils is the earth’s vegetation. Trees contain carbon, 
and forests due to their extent contain large amounts of carbon. Most, if not all, of us 
are familiar with the role of the Amazon basin in sequestering carbon. Additionally, 
large portions of Siberia, Africa, North America, and Asia are covered by forests 
which store and continue to accumulate carbon. In examining carbon balances 
and changes over time, we should recognize that most of Europe and the eastern 
United States was forested hundreds of years ago (Belmaker, 2018; Oswald and 
Smith, 2014; Roberts et al., 2018). Old German tales and historical records from 
the colonization of the Americas tell of lands where forests once dominated are 
now agrarian landscapes. The conversion of these landscapes from forests to 
other uses released carbon that had long been stored as wood and, just as 
importantly, within the soils. These conversions can be reversed. In the Eastern 
United States, a good deal of land that was converted from forests to cropland 
has reverted back to forests over the past century. Because forests change their 
appearance gradually, many people assume that the forests that they currently 
enjoy have been present for essentially forever. They do not realize that most of 
the eastern forests have actually been reestablished as more fertile cropland was 
discovered, eastern cropland abandoned, and new energy sources adopted that 
reduced the use of wood as fuel (trees provided much of the fuel that powered the 
eighteenth and nineteenth centuries). This reforestation is an example where 
ancient forms of organic matter (petroleum) have replaced geologically newer 
forms of organic matter (trees) as the preferred fuel and have ironically led to 
these second growth forests. As these forests grow, they will sequester carbon in 
the stems and branches of the trees, and within the forest soils (Boyer and 
Groffman, 1996; Heath et al., 2003). 

Where drier climates marked the natural transition from forests to grasslands, 
grass species thrived. The detritus from the annual dormancy and renewal of 
grassland vegetation contributes to the formation of carbon rich soils. Although 
these grasslands typically store less carbon than forestlands annually, over 
millennia grassland soils can store large amounts of carbon, making them highly 
productive for agricultural production (Lal et al., 1998a, b; Potter et al., 1999). It 
has been estimated that these soils contained approximately twice the amount of 
carbon as the same soils that have been converted to cropland (Donigian et al., 
1994). These grasslands and the croplands that have replaced them can still serve 
as important sinks for carbon if these lands are managed in a manner that 
incorporates plant material into the soil (Potter et al., 1999; Ruddiman, 2018). 

Wetlands form in areas where soils are saturated and water fills the soil, creating 
anaerobic conditions. In the United States circa 1780, there were some 81 million 
hectares (200 million acres) of wetlands sequestering vast amounts of carbon, 
nitrogen, and phosphorus (Dahl, 1990; Dahl and Allord, 1997). These wetlands 
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also are critical to the nitrogen cycle because the anaerobic conditions within their 
soils combined with a high carbon content provide the conditions needed for 
denitrification, completing the nitrogen cycle by returning nitrogen back to 
the atmosphere. 


Importance of carbon, nitrogen, phosphorus 
ratios in soils 


What is the importance of the observation that there are relatively constant ratios 
among carbon, nitrogen, and phosphorus in the organic portion of soils to natural 
resource management? How should we interpret the observation that the various 
key cycles in the biosphere are linked to each other in a constant relationship? 
How can this knowledge help us make better management decisions? The 
graphics below help to explain. 

The carbon-nitrogen-phosphorus ratio is on average 108::8::1. Adding 
additional organic material to soil will increase the mass of carbon, nitrogen, and 
phosphorus in the 108::8::1 ratio. Here, we show the added organic material 
doubling the mass of these elements within the soil. This would take years or 
decades to be completely integrated into the soil. If added to the soil in a 
different ratio, then the excess amount of the more abundant element(s) will be 
lost to the environment. The largest slice represents carbon, the next largest 
nitrogen, and the thinnest slice phosphorus in the above-mentioned ratios. 

Imagine that Figure 4.2 represents the soil organic matter in your garden. The 
slices of the pie represent the ratio of the elemental components. The average 
relationship for the amount of carbon, nitrogen, and phosphorus in world soils in 
temperate regions is a ratio of 108 carbon to 8 nitrogen and 1 phosphorus, 
measured by mass, or 108::8::1 (Tipping et al., 2016). The total mass at the end 
of the season will depend upon temperature and rainfall. The ratios among 
these elements are not absolute; but they vary within a fairly tight range. The 
proportions vary with soil depth region, climate, and other factors. For example, 
the ratio of nitrogen to phosphorus declines slightly with increasing soil depth. 
And tropical soils tend to have less available phosphorus, resulting in a slightly 
higher carbon-to-phosphorus ratio. However, for temperate climates, those we 
use for most examples, the 108::8::1 ratio holds. The excess of any one of the 
elements moves to another pool (see Chapter 3) or is lost to air and water 
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Figure 4.2 Proportions of carbon to nitrogen to phosphorus in healthy soils. 
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where it can be transported offsite. To the extent that carbon, nitrogen, and 
phosphorus move to a longer-term storage pool, they are removed from 
bioavailability. 

In this example, let us now add more carbon, perhaps, we add straw to our 
garden. Will the slice become larger in accordance with the additional carbon? 
The slice can only expand in size if carbon, nitrogen, and phosphorus are 
added in the proper ratio. If our garden contains 54 units of carbon, 4 of 
nitrogen, and 0.5 unit of phosphorus and we add 54 units of carbon along with 
four units of nitrogen and half a unit of phosphorus, we double the size of the 
slice (Figure 4.2). If we add 54 units of carbon along with 8 units of nitrogen and 
1 unit of phosphorus, the pie still doubles, but 4 units of nitrogen and a half unit 
of phosphorus are released into the environment. 

Now imagine what happens if we grow a crop in our garden that removes half 
the nitrogen in the soil. Our slice now contracts to half its former mass. Stated 
differently we have removed 4 units of nitrogen from our original system. Half 
the carbon and half the phosphorus will be lost from the organic complex to 
restore the original balance. The total organic mass reduces by half. Soil 
organic mass can also be reduced by burning away, that is oxidizing the carbon, 
thereby releasing the nitrogen and phosphorus. 

As we explain in Chapter 5, farmers have known for thousands of years that 
soils have to be either rested or fed the equivalent of the nutrients that are lost 
when crops are harvested or the quality (or total mass) of the organic 
component of soil will be lost. Over time, if the soil is shallow, the land becomes 
unproductive. Conversely, soil can be replenished by adding new carbon, 
nitrogen, and phosphorus at appropriate ratios. 


Soils are a natural resource that provides benefits (i.e., services) for the public good. 
[See Appendix D: Ecosystem Services.] For this reason, the European Union 
provides soils with legal protection (European Union, 2007). The overarching 
framework directive of the European Union identifies pressures and impacts on 
soil quality and their protection. This includes short- and longer-term objectives 
and strategies to achieve them. In the United States, there is no comprehensive 
federal strategy dealing with all soils but rather targeted actions to reduce the 
impacts of poorly managed (particularly highly erosive) soils, in agricultural use 
(Natural Resources Conservation Service, 2020a). There is little reliable data on 
the health or condition of soils for most of the developed world, particularly 
those that have been under intensive use for hundreds of years. This lack of 
reliable information inhibits the development of policies to better manage soil 
resources (Cerri et al., 2000). 

Although it is important to understand how past use has affected this essential 
resource, you do not need these data to appreciate the value of soils, the benefits 
from sound soil management, and the consequences of their neglect. You only 
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need to understand a few basic facts about soils and to be aware of their connection 
with other two essential resources — air and water. 

Soils regulate surface and subsurface processes by controlling and limiting 
(regulating) the availability of the carbon, nitrogen, and phosphorus, thereby 
helping to provide balance within ecosystems. Such constraints are necessary 
when too much of something will disrupt ecosystems, with the imbalances 
potentially cascading through the environment to harm other systems. Balance 
permits biological systems to grow and to thrive. [Note that balance, as we are 
using it here, does not mean a static system with no change. We are using 
balance to refer to that state when systems are in equilibrium (more correctly, one 
would say steady state but that is a distinction for specialists in the field.] By 
providing these regulatory functions, soil with its position within the landscape 
greatly influences surface and subsurface biology and hydrology. 

What makes up soils and how are they formed? There are over 18,000 soil series 
recognized in the United States, and several soil series can often be found in the 
same field. This variability can make managing the soil resource challenging 
(National Soil Survey Center, 1995). The quality of soils differs tremendously, 
starting with the material that comprises them. The material can be minerals 
dissolved or weathered from bedrock or sediment deposited over time by wind or 
water. This material is coupled with organic material from vegetation or 
deposited by macroorganisms and digested and processed by microorganisms. 
The formation of the organic complex is the gradual bit-by-bit deposition and 
decomposition of dead bugs, plants, and micro- and macroorganisms. Soil 
formation takes thousands, if not tens of thousands of years (Millennium 
Ecosystem Assessment, 2003). But if we take into consideration how long it took 
for the chemical ingredients of soils to develop and to achieve the balance among 
reactive and nonreactive, biologically available and inert components, the 
timespan extends into hundreds of thousands if not millions of years (Birkeland 
et al., 2003; Burns et al,, 2003; Soil Science Society of America, 2013). How fast 
and how much soil is formed depends not only on the minerals that are weathered 
and the organic material deposited, but also on climatic conditions, particularly 
temperature and water availability. As we repeatedly witness, soils, water, air, and 
climate are interconnected in which the cycles (gears) in this complex machine 
turn at different speeds and thus proceed over differing timeframes. 

Dig into undisturbed earth with a shovel so as to make a cross-section and you 
will find layers (or horizons), of different colors, textures, widths, and even 
smells. These layers reflect different periods of soil formation as well as the 
accumulated effects of deposition of organic materials, water, microbial 
processes, erosion, tillage, and other influences over time. These layers affect 
water infiltration, retention, and lateral movement. In cases when the soils have 
been disturbed by plowing or development, the upper layers are mixed. 

What services do soils provide us? Why are these services so important to 
humans and to the ecosystems upon which we depend? We need soils to grow 
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forests, grasses, and the crops that provide food, fiber, and energy. Soils help 
regulate the flow of water through our landscapes and sub-surfaces, storing and 
filtering water. The organic matter in soils acts like a sponge soaking up and 
holding water in place. This sponginess can make the difference between a flood 
event or simply high-water flow. By taking up water in pores within its matrix, 
soils store water helping to counteract periods without precipitation. Take, for 
example, peat moss that gardeners put in potting mix. That addition of extra 
organic matter, carbon, keeps the water in place. In addition, it allows the soils to 
breathe — the exchange of carbon dioxide with oxygen that is associated with 
plant growth. Also, by filtering what goes into the ground, soils purify water 
destined for ground water and aquifers. Soils buffer water, reducing its acidity. 
This is important for keeping toxic substances from contaminating the biosphere 
and maintaining a balance between the mineral world and the biosphere. In 
summation, soils by holding, releasing, and purifying water are an important 
regulator in restoring balance to the land when events aboveground, such as 
floods, droughts, or perhaps climate change wreak havoc on exposed life. 


Remember that soils are not inert media, such as cement or plastic mailing 
peanuts, but are living systems that we observe interacting with flora and fauna. 
Soil microorganisms and soil insects living in soils play a critical role in 
processing nutrients and carbon. Carbon, nitrogen, and phosphorus cycle through 
soils as they play important roles in the functioning of our biosphere. Soils 
preform this by providing a habitat for the plethora of small vertebrates, 
invertebrates, and microorganisms that function as recyclers. Remember that rN 
and bioavailable phosphorus are naturally scarce, thus highly valuable. 
Organisms evolved to use, decompose, and thereby recycle most if not all of 
these nutrients from deceased organisms by breaking down even the largest 
creature into its component parts. What was once waste is converted into 
temporary storage as part of soil until the above ground plants draw upon these 
nutrients. Thus, the health of surface plants and animals is tied with that of the 
soils below ground. Healthy soil, rich in microorganisms with a balance of 
carbon, nitrogen, and phosphorus, enables vibrant plant growth. 

In addition, soils serve as a depository for genetic diversity. If you have ever 
tended a garden, you know that seeds, especially seeds that are not particularly 
wanted in our garden soil such as weeds, are stored in the soil. Some of these can 
sprout decades after they were deposited (Kalamees et al., 2012). And there is 
more and more scientific evidence, that soil microorganisms share genetic 
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material with the macroorganisms, like plants, that we use and consume. The DNA 
stored in microorganisms may serve to replenish the biological diversity of systems 
depleted of biological species (Neal et al., 2020). 


Living legacy 
These other components of soil, which are the legacy of thousands if not millions of 
years of natural processes preparing the groundwork, literally, for all the higher 
organisms that make up our biosphere. Variations in soil help determine the 
subtle differences that make our planet so diverse and interesting. 

Remember that hundreds of millions of years passed before life on earth 
could establish itself. This required the separating out and sequestering 
chemical elements anathema to life, such as lead, cadmium, mercury, etc., in 
mineral formations and then processing mineral complexes, such as silica 
minerals, into new complexes that would then lend themselves to life. 
Remember again, that the organic world of carbon lives in a symbiotic 
relationship with the inorganic world, largely of silica. In early earth, silica 
minerals served as catalysts for organic processes. Nature built these chemical 
complexes of non-organic chemicals over a vast expanse of time that then 
enabled the evolution of our complex organic world that we take for granted 
today. Regard our terrestrial world representing one third of the surface of the 
earth, the first step in the biological conquest of land may well have been the 
creation of soil. The idea that earth is a living planet involving both its organic 
and inorganic parts is indeed not just a poetic statement but a scientific truth. 


Soil, like the world above it, abounds with plant and animal life. As everywhere in 
our living world, the key ingredients for the recipe are carbon, nitrogen, phosphorus, 
and water. Clearly soil and its properties are not the same everywhere. We all know 
this because we have experienced even in our backyards, how some soils pool water 
while other soils drain water as fast as we apply it. And if you think about it for a bit 
you probably have observed that some soils are red while other soils are as black as 
tar, that some soils produce plants that grow as tall as trees, and other soils grow 
nothing but stunted weeds. Why then are there such differences between soils? 
Partly it is because of source material, partly because of how and where a soil is 
formed, and partly because of what happened to the soil after it was formed. A 
soil formed in a dry landscape with extremes of heat and cold will differ 
significantly from one formed from sediments deposited in the ocean. This in turn 
will differ from one formed in the depression of base rock from material 
deposited by water, such as snow or ice melt from glaciers. Each of these soils 
has different base materials and climates in which they formed. And to throw in 
one other factor, the level of the water table will play a role in determining the 
biotic component in the soil and can either inhibit or nurture plant growth and 
chemical processes. 
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What are the important soil properties that make them a keystone for 
environmental processes? Soil texture, perhaps the most obvious of soil 
properties, is the proportion of different sized mineral materials (clay, sand, and 
silt). The size of soil particles affects the infiltration of water. As was discussed 
earlier, the size of a particle determines the size of the pores between particles, 
which in turn determines how rapidly water moves through the soil. The larger 
the pore is, the more rapid the downward movement of water. Soil texture 
establishes the capacity of the soil to retain moisture, as well as the nutrients 
present in water. Finally, soil texture, along with soil carbon, governs the stability 
(reflected in its structure as explained later) of soil aggregates (soil particles or 
clumps), and the propensity of a soil to erode. 

This soil structure — its clumpiness — depends upon the site-specific conditions 
under which the soil formed. Soil structure is the grouping or arrangement of soil 
particles (Brady, 1974). Soil aggregates (cohesive groups of particles) are 
important for water infiltration into soils. The more that soil particles are 
aggregated, the larger the pores within the soil. To verify that increasing pore size 
increases water infiltration, conduct the following experiment. 


The stability of these cohesive soil particles is an important characteristic of 
the soil structure. If the aggregates break down easily, then the soil structure will 
not be maintained. The colloidal components of soil are the finer fractions of the 
soil that are the most chemically active. These materials when placed in water 
stay in suspension in solution or settles very slowly if at all. Soil colloids play an 
important role in both binding soil particles together into aggregates and 
stabilizing them. 

We need to take a little side trip here to talk about colloidal particles. Colloidal 
particles in soils are either clay or humus. The particles are extremely small (less 
than 1.0 micron in size), have a large surface area per unit weight, and have 
surface charges that attract ions (atoms with an electric charge such as calcium 
(Ca*) or magnesium (Mg**), or charged molecules like ammonium (NH,*) or 
phosphate (PO,°)) and water (Goldberg et al., 2012). For these reasons, they 
influence soil structure and soil chemical properties. The ability of these particles 
to attract and hold ions make them critical intermediaries in plant — nutrient 
interactions because the surface charges of colloidal particles function as the site 
of the carbon, nitrogen, and phosphorus chemical reactions and exchange. And, 
they are important for soil structure. ‘Because of their surface charges, colloidal 
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particles also act as a ‘contact bridge’ between larger particles, helping them to 
maintain stable granular structure. The surface charges on colloidal particles 
make them the center of soil chemical activity and nutrient exchange.’ (Brady, 
1974) What does that mean? It means these particles serve as the stage for some 
of the most important activity occurring in soils, including soil aggregation, 
nutrient retention and exchange, and water storage. The colloidal particles are 
where the carbon, nitrogen, and phosphorus action takes place and the gears of 
the cycles mesh. 


Soils with more colloidal material (clay and organic matter) have more stable 
clumps of soil. Because these colloidal particles are small enough to interact with 
other particles at the molecular level and because larger particles do not form 
these bonds, they can develop chemical bonds with other soil components to 
form larger clumps. These clumps (or aggregates) with high components of clay 
particles are generally more stable than aggregates in soils high in sand (An 
et al., 2010; Brady, 1974; Skidmore and Layton, 1992). Soils with the right 
amounts of colloidal particles are good for growing things, including crops. They 
can hold and store more water and the nutrients in water. And they enable roots 
to grow, benefiting plant development and health. 

Soil organic matter, which contains much of the biologically available carbon, 
nitrogen, and phosphorus, has been discussed numerous times before. It generally 
comprises 0.5-10% of a soil, but can approach zero in highly eroded and arid 
soils (Brady, 1974; Haynes, 2005). It can be much higher in wetland soils. 
Organic matter is made up of three components: small (fresh) plant residues and 
insects and microorganisms, decomposing (active) organic matter, and stable 
organic matter. 

The portion of the organic matter of soils that is far less easy to breakdown 
(labile) is called humus. It does not turn over year to year (Natural Resource 
Conservation Service, 2020c). It is formed through the decomposition of larger 
organic material and can be broken down or destroyed more rapidly than clay 
(Brady, 1974). Humus is directly involved in developing and maintaining soil 
aggregates. Humus is less dense, is made up of generally smaller particles, and 
has a substantially higher number of binding sites for charged molecules like rN 
and P than clay. Its substantial colloidal component provides the glue that helps 
bind together soil particles, contributing to aggregate stability. Because humus 
slowly decomposes from constant interaction with the environment, continued 
deposition and decomposition of organic material is important to maintain the 
humus that is in the soil. As will be explained in the next section, its small size, 
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lighter weight, and position close to the soil surface cause humus to be more easily 
removed through erosion. 


4.6 SOIL EROSION 


Why is erosion, the displacement and movement of soil particles, an important 
consideration in managing natural resources? Eroding soils pollute water and the 
air because they transport sediment, nutrients, and chemical from the land into 
downstream waterbodies and the air. Soil erosion diminishes ecosystem health 
along with agricultural productivity. These problems are discussed in next few 
chapters. For now, we will focus on the factors that make soil susceptible to erosion. 

The properties of a soil are fundamental to its susceptibility to erosion. Here, we 
provide a basic understanding of soil erosion and the soil properties that influence its 
propensity to erode. However, soils are dynamic with complex interactions among 
different soil properties. Assessing the erosiveness of soil using broad statements 
can be misleading. Understanding how the characteristics at a particular site 
affect soil erosion requires the assistance of a trained professional. However, one 
can say with confidence that soil texture, organic content, and soil structure each 
play an important role in the capacity of water to infiltrate into a soil, for soil to 
hold water, and for a soil to withstand erosive forces. Knowing the soil properties 
is only half the battle, one also needs to know the forces that soils are exposed to. 
This exposure is a function of climate which determines precipitation and wind 
energy. Knowing the soil properties and the characteristics of associated climate 
at the location of the soil tells us how susceptible the soil is to erosion. The 
characteristics of the landscape (particularly slope), land use and conservation 
practices, which determine the exposure of the soil to wind, precipitation, and 
surface runoff are important to determining how much erosion will occur. These 
will be discussed in later chapters. 

Soil texture, the proportion of sand, silt, and clay in soil, and soil structure are 
important determinants of soil erodibility. They affect the amount of energy 
needed to move individual soil particles. Larger sand particles and clumps are 
heavier and less likely to stay in suspension. They are therefore less easy to 
transport. The converse is true for smaller particles — those most important for 
soil fertility- that are removed more easily because of their smaller size. 
Extremely fine particles can remain in suspension for long periods and settle only 
in still water (Brady, 1974; Gavrilescu, 2014). Soil organic matter, because of its 
role as a glue holding particles and clumps together, also affects the vulnerability 
of soil to erosion. A soil with stable aggregates and good soil structure does not 
erode easily. 

Erosion is a function of the energy to which the soils are exposed from the water 
running and wind blowing over the surface of the land. In addition to larger sized 
soil particles and more stable aggregates being harder to move, they also create 
larger sized pores allowing more water to infiltrate leading to less surface runoff. 
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Less surface runoff, in turn, lowers the amount of energy available to move soil 
particles, helping to reduce erosion. The analogy of pouring water on bowling 
balls versus sand in Experiment 2.2 is a good example. Water will flow much 
faster through the bowling balls than the sand, and it is clear that it will take 
much faster moving water to move a bowling ball than a sand particle. Because 
greater infiltration reduces available (kinetic) energy soils are exposed to from 
runoff, the larger pore space reinforces the resistance of larger particles to 
erosion. We discuss this more when we examine the effects of human activity. 

Human development, particularly in the last several hundred years, has replaced 
large amounts of native vegetation with agricultural crops, livestock pasture, 
and urban/suburban land. In most cases, the loss of native vegetation has led 
to less protective cover for soils. Less cover has meant more soil erosion. We will 
focus on agricultural lands because they comprise a large proportion of the 
landscape. Moreover, how the conversion of native vegetation to agricultural use 
affects soil exposure to erosive forces has been carefully examined in the 
scientific literature. 

In examining the impact of the conversion of native vegetation, we do not wish to 
suggest that we are advocating for a return to a native pre-Columbian landscape. We 
are, in fact, not advocating any change from one type of land cover to another. We 
provide examples so that the reader can understand the changes that have taken 
place or that could occur and their effects on environmental management. They 
establish a measure for how much vegetative protection could be obtained. The 
appropriate baseline for determining a course of action is the current state of 
vegetative cover. This should then lead to an assessment of proposed options that 
could alter that state. 

As stated previously, most areas of natural vegetation suitable for agriculture 
have been converted to cropland and pasture. Even in areas not directly converted 
to agricultural use or human space, livestock grazing has altered rangelands 
where native fauna had previously consumed native plants. Over time, the 
intensity of agricultural activity has increased. Even forests have not been spared. 
Much of North American forestland has been harvested at least once. This 
changed the species composition and tree density (other factors such as disease 
and invasive species have also altered the species composition in North American 
forests). Collectively, these changes have led to greater exposure of soils to 
erosive forces. The importance of agricultural productivity and the observation of 
environmental problems from erosion have compelled researchers to examine 
how they relate to each other. These studies have supported the development of 
conservation methods that address erosion. These methods are discussed in 
Chapter 6. 

Vegetative cover includes all vegetation living and dead that protects the soil 
from wind or the force of moving water. This includes the overstory, understory, 
and ground cover (including plants, leaves and other residue) on the soil surface. 
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Plants also protect the soil by establishing roots that slow overland flow and bind 
with soils (Kramer and Weaver, 1936; Kramer & Weaver, 2015, 2015). The 
effectiveness of vegetative covers is a function of the portion of the soil they 
cover, their presence and the coverage provided throughout the year, the 
resiliency of the cover over time, and their ability to dissipate energy. 

It is easy to see that removing vegetation from the soil surface exposes the soils to 
the forces of wind, falling rain, and overland surface flow. However, soil exposure to 
erosive forces can also be increased by changing the vegetative cover should the 
new cover expose the soil to greater erosive forces than the previous vegetation. 
Agricultural examples of this would be the growing of corn in place of hay or 
soybeans in place of corn. In both of these cases, the vegetation replacing the 
initial crop provides less soil protection than its predecessor. 

When soils are exposed to erosion is important for understanding the function of 
vegetative cover. In climates where wind or rainfall amount and intensity are 
distributed evenly throughout the year, cover is equally important year-round. If 
the rainfall is seasonal, particularly if it is dominated by heavy storm events (e.g., 
monsoons), then the vegetative cover during the rainy season is more critical for 
protecting against erosion. In this way, the rainfall distribution plays an important 
role in determining whether a particular vegetative cover effectively protects the 
soil. Similarly, for soils protected by snow or frozen ground for portions of the 
year, vegetative cover is more important in those seasons when snow or frozen 
ground does not protect the land. 

The protection afforded by different vegetative covers varies with the density of 
the growth and the crown closure. At the two extremes are a closely grown, all 
season perennial grasses that provide a very high level of soil protection and a 
bare soil providing none. Crops that are closely grown, such as wheat, oats, and 
hay, provide greater protection during the growing season and after harvest than 
row crops such as corn, soybeans, or cotton that leave the soil exposed during 
portions of the year. As crop residue after harvest increases, so does soil 
protection. Wheat, oats, and hay provide greater post-harvest soil protection than 
do row crops because harvesting leaves their stems and roots standing and intact, 
while harvesting row crops knocks over stalks and stems. 

Forest land with intact understory and ground cover provides good soil 
protection, but generally somewhat less than is provided by perennial grass. The 
understory and ground cover beneath the tree canopy are important for protecting 
soils both to slow overland flow and to protect the soil from water dripping from 
the canopy. This is because water dripping from heights over 8 meters will reach 
terminal velocity by the time it reaches the ground, thereby having the same 
impact as rain. If there were no understory or groundcover, the canopy would not 
protect soils from drip erosion (Satterlund, 1972). Note that there would be a 
reduction in the amount of water reaching the ground due to evaporation from the 
leaf surface. 
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4.7 THE SOIL BIOME — MICROORGANISMS MAKE THE 
CYCLE GO 


The soil microorganisms, fungi, and other life are what make soils a keystone in 
the cycles that we have discussed throughout the first three chapters. The 
biochemical process that converts atmospheric nitrogen into rN is conducted in 
the soil (and oceans) by specialized bacteria and other microbes. So is the 
denitrification process that converts rN back into N, atmospheric nitrogen. The 
decomposition of dead organisms that releases essential nutrients for biological 
use as well as keeping their cycles turning is conducted by microorganisms. 
Consider for a moment two extremes — a healthy soil with plants, earthworms, 
insects, and microorganisms and another sterile soil without the organisms that 
typically inhabit soils. The first soil we know provides numerous ecosystem 
services. What about the second? 

Let us begin with fixation of nitrogen by legumes (soybeans, e.g.). In a healthy 
soil, leguminous plants are able to fix nitrogen because Diazotrophs, which 
includes microbes such as Rhizobia, Frankia, and Azospirillum bacteria, that 
reside in soil take residence in root nodules of these legumes (Franche et al., 
2009; Santi et al., 2013). These bacteria have a symbiotic relationship with the 
legumes where they process N> into ammonia that can be used by the plant for its 
growth and development, and the plant supplies them with carbohydrates. Sterile 
soils will not contain these bacteria, and unless steps are taken to inoculate the 
soil with the necessary bacteria, the legumes will be unable to benefit from 
nitrogen fixation. 

Next in our examination is decomposition and the processing of the carbon, 
nitrogen, phosphorus and other elements in dead organisms. Again, we will begin 
with the healthy soil. Water plays a role by removing soluble compounds, 
leaching them into the soil. Insects, earthworms, snails and other animals aid the 
process by breaking larger pieces into smaller pieces. Fungi, and microbes will 
break down the remains of deceased plants and animals into their chemical parts. 
This breakdown involves multiple chemical processes essential for the carbon, 
nitrogen, and phosphorus cycles discussed earlier. As organic matter decomposes, 
carbon is emitted as carbon dioxide, as well as being integrated into soil organic 
matter. Nitrogen and phosphorus in the decomposing organic matter are 
immobilized as they are converted to organic forms in living organisms and 
mineralized as these organisms die. They thus become available in the soil. 
Nitrogen and phosphorus are mineralized into many forms depending upon the 
soil moisture, temperature, oxygen available, acidity, and other variables. The 
immobilization — mineralization process acts to store these nutrients in the soil 
matrix and maintain a consistent carbon—nitrogen—phosphorus ratio. In sterile soil, 
on the other hand, water leaches soluble compounds as the physical degradation 
processes cause disintegration of leaves and other vegetative materials. In the 
sterile soil, this disintegration will be slower than in the healthy soil because 
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insect, earthworm, and other animal populations will be lower. The chemical 
decomposition of these materials will take place at a lower rate because the 
microbial organisms and fungi are not present to break down the organic material 
into its chemical components. 

Finally, we need to repeat ourselves and mention the denitrification process — the 
conversion of rN into N2, where the nitrogen cycle returns to where we started. 
Denitrification occurs through the activity of denitrifying bacteria. Without them, 
our cycle is not complete and issues associated with increasing amounts of rN 
are exacerbated. 

Admittedly, the contrast between a sterile soil and a healthy soil is extreme. We 
should recognize that organisms if given an opportunity will migrate into the sterile 
soil and begin to serve their functions. Over time plants will grow, plant roots will 
die, microbes will do their thing, and the sterile site will become populated and 
contribute to keeping the cycle intact. 


4.8 SUMMARY 


The reader should note that in the timeframe of a human life or multiple 
generations of humans, soils are non-renewable. They require thousands of years 
to produce a tenth of a meter (Birkeland et al., 2003; Eni School, 2020). Their 
non-renewability argues for conserving the quality of these soils. Maintaining 
their biological productivity is an essential goal for anyone concerned about 
the environment. 

The texture and structure of soils determine the flow of the ecosystem services 
that the land can provide. But soils do more than just predicate the behaviors of 
the plants, animals, and water resources at their surface. They serve as the 
medium in which our agricultural plants grow and in which their roots receive 
water and nutrients. Soils are nature’s recyclers, conserving the scarce building 
blocks of life. They hold water and regulate its release. They store carbon that 
otherwise would exist as carbon dioxide, in our atmosphere. Soils thereby help 
regulate carbon availability, consequently essential to the functioning of systems 
in the biosphere in which we humans inhabit, live, and depend for our existence. 
They maintain the balance between the nitrogen, phosphorus, and carbon, the 
components in our biosphere. 

Why is understanding the relationship between the ratios of carbon, nitrogen, and 
phosphorus to the chemical cycling and balance important for you in understanding 
environmental and resource management? It is because this knowledge gives you 
a tool for evaluating the health of ecosystems and predicting environmental 
outcomes. If you are told that soils are carbon poor or there is a high 
concentration of nitrogen in the soils, there is a good bet that the soils are in poor 
condition, are degrading, and will continue to degrade until the proper ratios of 
carbon to nitrogen to phosphorus are reestablished. The nitrogen and phosphorus 
will be released into water and air. Conversely a remediation strategy could be to 
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increase carbon available to the microorganisms of soils, such as through 
plant residue. 

Finally, scientists are still discovering all the subtle ecosystem services and 
benefits that soils provide humans. In today’s industrial and postindustrial 
society, soils do more than just provide a source of bioavailable nitrogen and 
phosphorus, they also serve as the vehicle for eliminating the waste that we 
generate in our daily lives. Sludge from water purification plants is disposed of 
on soils, eventually becoming integrated into soils. Livestock waste is disposed of 
on soils, also over time becoming part of soils and contributing to the carbon, 
nitrogen, and phosphorus stored there. In turn, the bacteria and other 
microorganisms in animal and human waste re-inoculate the soil keeping its biota 
diverse, alive and thriving. Imagine what our cities and communities would look 
and smell like if soils were not available for the elimination of our organic waste. 


Part Il 


Stuff Happens and for Every 
Action There Is a Reaction 


Chapter 5 


Natural and human-induced 
change 


Change is the only constant in life. 
— Heraclitus — Greek philosopher 


To every time there is a season, and a time to every purpose under the heaven... 


— From Turn! Turn! Turn! A song by Pete Seeger with lyrics taken from 
Book of Ecclesiastes, King James version of the Bible 


Up to now we have examined water, carbon, and nutrients as they move through 
the different stages of their cycles. We now consider what happens with 
disruptions to these systems and thus to the equilibria among carbon, nitrogen, 
and phosphorus pools. We must, of course, take into account that these systems 
are dynamic, meaning that there is always some change. Over time natural 
forces have moved continents, formed and eroded mountain chains, and the 
world climate has shifted between ice ages and tropical periods. For this 
discussion, the changes that we will examine are those that occur over shorter 
expanses of time due to natural phenomena or from human actions or influence. 
Whether the disturbance or change occurs as a consequence of natural flux or 
human action is irrelevant. The resulting adjustment is the same. We are going 
to look at these together and think through what happens when these changes 
take place. 

A major driver of change is growth in the human population, especially in the 
past one hundred years, as shown in Figure 5.1. In 1800 the human population 
was approximately one billion, it was 1.6 billion in 1900, and (United Nations, 
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Figure 5.1 Human population 1800 to present (Source: Worldometer, 2020). 


1999) 7.67 billion in 18 August 2020 (United States Census, 2020). More people 
need more food. This in turn leads to more land needed for agriculture unless 
there is either a profound change in diets or an increase in agricultural 
productivity. Increased population also means increased demand for water, 
shelter, and transportation. These in turn lead to more buildings and infrastructure 
as well as the movement of materials from one location to another. Although we 
will not be discussing human reproduction or population dynamics, one must 
recognize the importance of the role of increasing human population in forcing 
activities to meet these demands. In the discussion that follows we provide you a 
glimpse into how human activities affect the natural cycles. 


5.1 NATURAL VARIATION 


Change happens. The world is not at rest. Our immediate environment varies 
constantly. We all observe that weather differs from day to day, season to season, 
and year to year. Precipitation events vary from fog, to drizzle, deluges, 
hurricanes, cyclones, and monsoons, and reduce the temperature to below the 
freezing point for water and we get snow from flurries through blizzards. On the 
other side of the coin, we observe a gradation of dry periods up to extreme 
drought. We view these fluctuations in temperature and precipitation as natural. 
Because we all have all observed changes in the weather, weather is a good place 
to start in our discussion of natural variation and how to assess it. Typically, in the 
absence of additional information on what future weather conditions will be, the 
long-term mean temperature and precipitation for a given period would be 
reasonable estimates for the temperature and precipitation we would expect to 
occur. However, because we know that weather is variable, we are not shocked if 
the expected value is incorrect. Still, we expect the actual values to fall somewhat 
close to the long-term average. Because weather varies from day to day and even 
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more so over longer periods of time, we observe events that are decidedly unusual, 
such as heat waves, downpours, or droughts. Even though they are unusual, we also 
take these events in stride. Then there are extreme events — weather phenomena that 
fall outside our realm of experience when the precipitation and temperature are far 
greater or less than average. Such events include hurricanes, cyclones, extended 
droughts, and deluges (see Measuring extreme events box). 

The natural variation in the frequency and intensity of precipitation events has 
a big impact on water movement. The more frequently intense storms occur, the 
more water that must move through the hydrological cycle as discussed in Chapter 
2. At greater and greater volumes, some pathways within the cycle, such as 
evapotranspiration and infiltration, become saturated and the water flows into 
secondary routes in the hydrologic cycle (Kim et al., 2019; Sullivan, 2020). The 
result is that, at a given amount of precipitation, more water will flow into a 
waterway than can be contained within its banks. Not surprisingly, flooding 
occurs. Floods and hence flooding in a landscape relatively undisturbed 
by humans are natural events that occur with discernible frequency, though not 
necessarily on a predictable schedule. Over long periods of time (measured 
in geologic eras), these flood events carve out plains along a river or stream. 
These areas along rivers and streams are floodplains, and as the word suggests 
they are the lands that contain the waters that overflow the banks of streams and 
rivers during extreme events. Although floods are natural events, human activity 
can change the frequency of floods and volumes discharged during floods. 
Damages to human health and welfare that result under these altered riverine 
conditions are therefore not entirely natural phenomena outside of human control. 
Human activity can influence the damage resulting from flooding. In this chapter, 
we will use our understanding of the hydrologic cycle, our confidence that 
everything goes somewhere, and the uncompromising effect of gravity to examine 
how human activity can affect the frequency, severity, and damage of floods. 

Droughts, which are on the flip side of precipitation events, are also natural 
events. They occur during periods of reduced precipitation. Natural variation in 
precipitation over longer periods of time implies that there will be both surpluses 
and deficits in rain and thus floods and droughts. Droughts affect plant growth 
and the availability of water for all fauna, humans and wildlife alike. 
Interestingly, droughts, while not as photogenic as floods, generally affect larger 
areas and cause more economic disruption (Lippsett, 2012; NOAA, 2020). As we 
will see, human activity can increase the severity of droughts. We will discuss in 
detail these relationships. 

A third natural phenomenon is fire. Fire occurs naturally when fuel, desiccation, 
and ignition occur. Because each of these elements are not present in all years, fire 
occurs sporadically. Fuel is generated by vegetative growth and can accumulate 
over time. Fire consumes the fuel available thereby reducing the likelihood of 
another fire until the fuel is replaced. Obviously, fire is more likely when the fuel 
is dry, a condition that occurs in periods with low precipitation, and becomes 
particularly acute during droughts. 
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Fire plays a critical role in shaping and maintaining ecosystems (Bailey, 1988; 
Williams, 1995). Fire releases nutrients and carbon into the environment and 
has the ability to change vegetative covers. Frequent less intense fires can help 
maintain the health and vigor of ecosystems, while occasional intense fires can 
expose landscapes to erosion and degradation, permanently damage soils, and 
alter vegetative covers (Bailey, 1988; Williams, 1995). 


Why do we differentiate anthropogenic change from natural variation? Is it because 
change is bad? Obviously not because change occurs in natural systems. It is 
because human-induced change can alter the mass and relative proportions of the 
water, nitrogen, phosphorus, and carbon in the pools we have examined. This 
disrupts the balance between and among pools setting in motion a rebalancing. 
Systems react. Our goal here is twofold: to help you distinguish between natural 
variation and change from human actions and to show how these actions can 
cause disruptions. By understanding how cycles move to reestablish balance, you 
can anticipate how ecosystems can react. This is at heart of environmental 
management. 


Measuring extreme events 


Extreme events are identified using statistical analysis of past occurrences. In 
general, the mean is identified, and the variance around the mean is used to 
identify the likelihood an event will occur in any given year. Some events will be 
common and expected to occur each year, while others will be unusual or even rare. 

A storm that has a 1% chance of occurring in a given year is termed a 
hundred-year storm and one that has a one-tenth of 1% chance of occurring in 
a year is a thousand-year event. 

Hydrologists use their knowledge of how a watershed will react to a storm to 
estimate the peak flow from that storm. It is dependent on both the precipitation 
from a particular storm and precipitation from earlier storms. The precipitation 
that precedes a new storm is a factor because it affects the stream level as well 
as how much water can infiltrate. 

Every year holds the same chance of the event. An occurrence in a prior year 
has no effect on the likelihood of occurrence in the next or following years. 

It is important to recognize that there are many watersheds across a country 
such as the United States. With a large number of possible events, numerous 
hundred-year floods are likely to be observed each year. 


How do people alter the balance? What are the human activities that affect 
the quality and integrity of our environment? People have obviously modified 
landscapes, converting grasslands, forests, and wetlands, into cropland, 
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pasturelands, cities, and highways. We have changed the path of waterways, 
dammed rivers and created reservoirs, harvested forests, drained wetlands, and 
irrigated deserts. In so doing, we have altered the hydrology of watersheds, water 
quality and availability, the balance of carbon, nitrogen, and phosphorus in 
terrestrial pools, and introduced material (mined or excavated) that were in 
long-term earth storage. The mining and drilling of fossil fuels (coal, natural gas, 
and petroleum) and their subsequent combustion released vast amounts of carbon 
from the crustal pool into the atmospheric pool as carbon dioxide. Using 
long-buried deposits of guano as a fertilizer freed reactive nitrogen and 
phosphorus to enter air, water, and soil resources. Phosphorus as phosphate has 
been mined from phosphate rock, particularly apatite. And more recently, 
industrial processes have made reactive nitrogen plentiful. 

The altering of the natural cycles of carbon, nitrogen, and phosphorus and the 
harnessing of water for agriculture have been associated with a five-fold increase 
in human population since the invention of modern agriculture and a near 
doubling of the human population in the past fifty years. 


5.3 THE HUMAN FACTOR 


Modern humans have changed the relative dominance of different pathways within 
carbon and nutrient cycles, making what was once scarce plentiful, shifting carbon, 
nitrogen, and phosphorus from long-term storage pools into short-term pools and 
thus bioavailable. We used these newly available compounds to produce the 
crops we depend upon for our food, fiber, and fuel. Initially, this was done by our 
ancient ancestors recognizing the relationship between certain practices and 
greater production (Balter, 2015). Our early farming forebears thousands of years 
ago began to till the soil, thereby fertilizing the crops by releasing the reactive 
nitrogen and phosphorus for uptake (while turning the carbon it into CO ) and 
loosening the soil for root growth. They did so because they saw the plants grow 
faster and bigger. Even the byproducts of human and livestock production, 
human and animal waste was recycled, whereupon they were deposited on crops. 
Again, these early farmers saw the crops respond by growing greener and bigger. 
The nitrogen and phosphorus that was made available entered the flux of material 
cycling among their storage pools. In these ways, humans altered the nitrogen, 
phosphorus, and carbon cycles and began human efforts to manage the environment. 

There are a number of ways in which humans have altered long- and longer-term 
storage pools of carbon, nitrogen, and phosphorus. Remember that the ratios of 
carbon to nitrogen to phosphorus in soils are roughly constant. [They are also in 
constant ratios to each other in ocean systems, though the mechanisms by which 
these equilibria occur are different.] A change in the amount or proportion of the 
one results in changes to the others. Because it is so basic to human existence 
and most people are broadly familiar with agriculture, we are using agriculture 
to demonstrate how these relationships function. Plowing or tilling disturbs the 
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soil, oxidizes organic material, making nitrogen and phosphorus available for crops 
and releasing carbon into the atmosphere as CO,. The CO, nitrogen, and 
phosphorus in turn become available for reuse or, in the case of excessive 
disruption, transported away through water movement. 

The draining of wetlands and floodplains benefits people by enabling these 
lands to be used for the purpose of agriculture. The water-saturated nature of these 
soils permits carbon and hence nitrogen and phosphorus stocks to build up over 
large expanses of time, sometimes resulting in soils dozens if not hundreds of feet 
deep. Draining them exposes the soils to oxygen and therefore oxidation. This 
releases CO2, rN, and bioavailable phosphorus. These organic nutrients are 
available for crop production. What remains can escape into the environment. 

Farmers also discovered that rotations can improve productivity. They found that 
including legumes in rotation (the growing of crops in the subsequent growing 
seasons or seasons) with other crops or including a fallow period improved 
productivity. We now know that legumes have symbiotic relationships with 
microorganisms that can obtain reactive nitrogen from the atmosphere. This rN 
from the nitrogen-fixing crop also fertilizes the subsequent nitrogen-demanding 
crop grown in the same soils. Fallow periods permit soils to replenish nutrients 
and store moisture, as well as breaking up disease and pest cycles and allowing 
soil biota to reestablish (Padgitt, 1997). 

Early humans discovered that recycling their own and their animals’ waste 
products and incorporating them into agricultural lands increased yields by 
renewing the soils. In much of the world, human waste has been collected as 
‘night soil’ and then returned to the land as fertilizer or compost. Livestock 
waste, even in industrialized facilities, is still collected and returned to the land as 
fertilizer. Still, because the delivery of these recycled nutrients is not 100% 
efficient, some portion of the nitrogen and phosphorus is lost to the atmosphere 
and water. This loss can be because the nitrogen or phosphorus is in a form that 
cannot be utilized, such as nitrous gas, or because the dissolved nutrient bypasses 
the plant (e.g. phosphate and nitrates draining into groundwater). Coupled with 
the loss of carbon from tillage or excessive drainage, agricultural soils have 
tended over time to become stripped of their nutrients and less productive. These 
conditions require new sources of nitrogen and phosphorus to be added in order 
to maintain soil productivity. 

In the nineteenth century, the most important source of fertilizer was guano, as 
mentioned previously, the excrement of millions of birds that has accumulated 
over hundreds if not thousands of years. High in nitrogen, phosphorus, and other 
key nutrients, guano was highly sought after as a fertilizer for crops. Guano, 
however, is not found everywhere. The main sources are located on islands in 
South America. The demand for this rich source of fertilizer helped drive 
European and American colonialism because of the importance of fertilizer in the 
production of food for an ever-expanding population (Heimlich & Daugherty, 
1991; Davies, 2019; Immerwahr, 2020). 
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5.4 ARTIFICIAL FERTILIZER 


In this the Anthropocene Epoch, humans have not just transformed their world in 
an obvious physical manner, but also in chemical and biological ways (Crutzen, 
2002; International Geosphere-Biosphere Program, 2020; Pennisi, 2020). Our 
cities and roads are the most obvious examples of the former; our atmosphere, 
lakes, and rivers, the latter. Both transformations have profound effects, but it is 
the latter that can have the most enduring impact on the world that we know, 
with grave consequences for future generations. 

Anthropogenic activities have altered the chemical balance for elements 
that become the building blocks of our living environment. The increase in 
carbon dioxide levels in the atmosphere with its concomitant manifold impacts 
on climate and weather, sea levels, biologic diversity, and ocean acidification is 
an example that is familiar to all of us. Less popularly known and appreciated is 
how we humans are altering the nitrogen and phosphorus balances relative to the 
concentrations of their myriad reactive forms and to what is not biologically 
available. 

The change in the percent of nitrogen converted from inert to reactive is 
small, but because reactive nitrogen can be stored biologically and assume many 
forms in nature before it is returned to rest again as Ng, the terrestrial total can 
accumulate over time. Scarcely more than a hundred years ago, a German chemist 
by the name of Fritz Haber discovered a process by which to take the nitrogen 
in the air and convert it to reactive nitrogen. In 1910, Carl Bosch developed a 
method that permitted this process to be undertaken at an industrial scale. In so 
doing, they largely eliminated the nitrogen constraint to increased agricultural 
production. Until then, farmers were constrained by available nitrogen and, to a 
lesser extent, phosphorus. Soil stores of nitrogen and phosphorus were used, 
reducing the availability of these essential nutrients for future vegetation. And 
wars were fought in part over food insecurity resulting from a constraint on 
production posed by the scarcity of nitrogen. Humans, since the Haber—Bosch 
process was discovered, have greatly altered nitrogen balances. Now far more 
reactive nitrogen is manufactured (and generated by fossil fuel burning) (see 
Figure 5.2) than produced by natural processes. Nearly half of the world’s 
population now depends upon artificially created reactive nitrogen for its existence 
(Smil, 2001). 

Before the early twentieth century, most of the available reactive nitrogen for use 
in agriculture came from soils, animal and human waste, or lightning. Since the 
Haber—Bosch process was discovered, humans have doubled the amount of new 
reactive nitrogen introduced into the biosphere each year, from roughly 203 Tg 
(teragrams or a million times a million grams, or 1 TG = 1,102,311 U.S. tons) 
per year in preindustrial times to what is roughly 413 Tg per year (Fowler et al., 
2013). About one-seventh of the increase is the result of the combustion of fossil 
fuels for energy and transportation (Fowler et al., 2013). More than 120 Tg 
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Figure 5.2 Sources of reactive nitrogen (Source: Fowler et al., 2013). 


comes from fertilizer (Fowler et al., 2013). An additional 60 Tg comes from the 
introduction of legumes into agricultural rotations to fix nitrogen for crops 
(Fowler et al., 2013). Figure 5.2 shows how humans have drastically altered the 
nitrogen cycle. Of the amount of additional, synthetic nitrogen for agriculture, a 
small portion or roughly some 10-15 Tg is consumed as food (based upon Smil, 
2012). The rest is displaced into the environment, into water in the form of 
excess nitrates, and the air as nitrous oxide and ammonia. 

Global production of new reactive nitrogen for industrial and agricultural 
purposes increases nearly 1% per year (Food and Agriculture Organization, 
2017). Remember that whatever new reactive nitrogen that was introduced 
into the environment in a previous year and was not converted to the long-term 
atmospheric, ocean sediment, or soil pools remains in the biosphere, 
compounding whatever environmental problems with rN may exist. Figure 5.3 
shows how the amount of rN introduced by humans has increased rapidly over 
the past century and is expected to continue this increase for decades to come. 

People’s appetite for rN is expanding as world population expands and societies, 
in general, get richer. Not surprisingly, with rising incomes comes greater demand 
for meat. In the United States, some 2.6 kilograms of grain is consumed by beef 
cattle, to produce a one kilogram of beef, as presented to the consumer in the 
supermarket (Suszkiw, 2019). Farmers use 1 kg of nitrogen to produce 65 kg 
of grain, which means 1 kg of beef requires 0.04 kg of nitrogen (2.6 x 1/65 = 
0.04 kg) (U.S. Environmental Protection Agency, 2011). If we eat a hundred 
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Figure 5.3 How humans have affected the N cycle (Source: Nielsen, 2005). 


kilograms of beef per year, we are consuming some 4 kg (100 x 0.04 kg = 4 kg) of 
TN that had to be used to produce our dinners. As more people on the planet achieve 
middle-class status, more meat is consumed. The result is the rapid rise in the 
production of rN. 

New phosphorus, the other key fertilizer, is mostly mined. This mining of 
phosphorus removes it from the longer-term storage pool, as described in 
Chapter 3, and moves it to the bioavailable, surface terrestrial pool. In 2019, some 
46 thousand metric tons (50.7 thousand U. S. tons) were produced. In 2015, the 
figure was less than 42 thousand metric tons (46.3 thousand U.S. tons), an increase 
of almost 10% in just four years (Food and Agriculture Organization, 2017). 


5.5 TRANSPORT OF NITROGEN AND PHOSPHORUS 
THROUGH GRAIN, LIVESTOCK, HUMANS, AND SLUDGE 


For a problem to be global, it must either have local impacts that are suffered 
globally or globally distributed impacts. Air emissions, such as nitrous oxide that 
distribute themselves globally are clearly a global issue. But what about a local 
activity that primarily affects land and water? Even site-specific application of 
fertilizers to crops precisely measured to meet crop needs can still result in an 
environmental imbalance because some of these nutrients leave the site. But 
beyond this the production, harvest, and transport of grain provide a good 
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example of how agricultural production in one location can affect global nutrient 
balances. This is because the export of grain from where it is grown to where it is 
consumed can result in the introduction of more nitrogen and phosphorus than 
can be accommodated by plants or crops where it has been imported. 

Although humans benefited tremendously through our manipulation of the 
carbon, nitrogen, and phosphorus systems, we have also long paid a price in terms 
of degradation of our environment. Examples of these environmental problems 
are discussed in Chapter 6. Our responses to these challenges, the antidotes for the 
negative consequences, have not kept pace with the expanding scale of the 
generation of rN and bioavailable phosphorus. An apt analogy is Mickey Mouse 
as the Sorcerer’s Apprentice in Disney’s “Fantasia.” Mickey solves his work 
problem by creating a magical broom that does the work for him — that is carry 
water and fill the basin. Unfortunately, he fell asleep and therefore did not pay 
attention to when enough is enough. His attempts to quell the rising tide of water 
result in more brooms, only making the problem worse, with more flooding. 

Human reactions to problems can be much like Mickey’s. We too often solve one 
problem by adopting technologies that, to our dismay, create other problems, 
although they may be different by nature. Artificial fertilizer illustrates this serial 
problem. Fertilizer use has improved the health and wellbeing of billions of 
people on this planet, yet the overflow, the increased availability of rN now poses 
a threat to many important ecosystems essential to human existence. The 
existential problem with nitrogen to be addressed is the imbalance between the 
global rate of production of reactive nitrogen and its rate of immobilization or 
removal and conversion back to N2. 

To examine how local agriculture can lead to global imbalances, let us first 
ask a couple of very basic questions: Are there a lot of agricultural products 
imported or exported? If so, does what is transported represent much nitrogen 
and phosphorus? 

We will focus on grain because grain export constitutes the most trade in raw 
agricultural products. More specifically, let us use corn as an example, because 
com is widely traded worldwide and corn production is a major user of fertilizer. 
Similar analysis could be conducted examining other grains and meats. According 
to U.S. Department of Agriculture’s Foreign Agricultural Service (2020), roughly 
171 million metric tons (188 million U.S. tons) of corn were traded in 2019. The 
corn was harvested from a little more than 190 million hectares (409 million 
acres) of land. The United States accounted for 33 million hectares (81.5 million 
acres) of corn harvested and roughly 49 million metric tons (54 million U.S. tons) 
exported. Because only the kernels are traded, we examine only the nutrient 
content of the kernel, not the corn plant. The mean nitrogen content of the corn 
grain is roughly 1.54% (Boone et al., 1984). For phosphorus, the values can vary 
considerably, but for the sake of this analysis, let us use the average phosphate 
content of 0.195 kg of phosphate per bushel (or 0.43 lb.). There are 39.368 
bushels per metric ton (MT) of corn (U.S. Grains Council, 2020). Doing the math 
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(0.195 x 39.368) shows that there are 7.7 kg of phosphate per MT of grain (Nafziger, 
2017). Multiplying the numbers gives us an estimate for global transport of 
1.31 million metric tons of phosphate and 2.63 million metric tons of nitrogen. 
(Global phosphate transported in corn= 171 million MT x (7.7 kg/MT)/(1000 
kg/MT) = 1.31 million MT; Global nitrogen transported in corn = 171 million 
MT x 1.54% = 2.63 million MT.) 

This is a large amount of nitrogen and phosphorus, but do we know whether or 
not it is large enough to affect anything? Let us compare it to what occurs naturally. 
Lightning fixes between 3 and 10 Tg per year. Since a teragram is equivalent 
to 1 million metric tons and using the midpoint, lightning fixes 6.5 million MT 
(7.1 million U.S. tons) of nitrogen. Therefore, we see that trade just in corn 
moves 2.63/6.5 or about 40% of what lightning provides in new reactive nitrogen 
globally. For phosphorus (i.e., phosphate), let us compare our estimate to the 
global consumption of 47 million MT (52 million U.S. tons) in 2018 (USGS, 
2019). Thus, about 1.31 divided by 47 or roughly 2.8% of annual global 
production of phosphorus as phosphate is exported as grain (USGS, 2019). Are 
these numbers significant? In considering your answer, remember that the 
transport of these quantities of nitrogen and phosphorus is (1) going to concentrate 
the nitrogen and phosphorus in areas with either concentrated human or animal 
populations, (2) in locations that are likely to lack the capacity to process the 
additional nitrogen and phosphorus and (3) this transport occurs each year. 

Most of the nitrogen and phosphorus will initially remain in the destination 
where it is consumed and transformed into animal or human waste. As explained 
earlier, this animal waste (along with human waste that has been processed 
through sewage treatment plants) will ultimately be disposed of, that is added as 
a fertilizer, on cropland U.S. EPA, 2020a). Because the ratio of nitrogen to 
phosphorus in human and animal waste is not consistent with their corresponding 
ratios in soil, their application without further processing to resolve the imbalance 
can result in too much of one or the other being applied. This can overload the 
capacity of the soil microbial systems to convert the nitrogen and phosphorus into 
new soil leading ultimately to the transport of nitrogen (and under certain 
circumstances, phosphorus) offsite into the air and/or water. The volume of 
waste makes the potential for overloading the soil capacity a concern in many 
areas. Unless, there is sufficient cropland or other vegetated land to accommodate 
the waste generated by large numbers of animals and humans, and unless the 
manure is applied at appropriate rates, there will be residual nutrients that can 
move offsite from land to water and/or air. 

The amount of nutrients transported as animal products can be estimated by 
working backwards from the type and number of animals (generally, chickens, 
pigs, and beef and dairy cattle). The conversion rate, that is the ratio of grain to 
animal weight, for chickens is roughly 2 to 1. For pork, the number ranges from 
3 to 1, to 4 to 1. And for beef the number is between 7 and 10 to one (Oros, 
2020; Wikipedia, 2020). The grain that is not incorporated into the animals is 
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expelled as manure, and the manure contains a large amount of nitrogen 
and phosphorus. 

Traditional farming practices that cycled nutrients locally from fertilizer, to 
crops, to grain, to animals that generate waste that is then returned to the land 
as fertilizer have been disrupted. Modern agricultural systems still cycle 
nutrients, from fertilizer to grain, meat, and manure, but the nutrients in grain 
and meat are transported, making the geographic area in which cycling occurs 
larger. Efficient use is correspondingly more difficult. Animal and human waste 
generally has a large water content which makes the waste heavy and 
expensive to transport any significant distance. The historical rule of thumb has 
been the following: for manure to be applied in an economically feasible 
manner (it needs to be applied within 40-50 miles (64 to 80 km) from where it 
is generated). 

Even poultry waste which has a low water content and thus is relatively light 
given its mass of nitrogen and phosphorus is generally not transported more than 
50 miles or 90 km from where it was produced. Poultry waste can also be burned 
and used as a fuel source, emitting its carbon into the atmosphere, but leaving the 
nitrogen and phosphorus as residue which can then be stored and transported at 
lower cost. However, care must be used when applying the waste as a fertilizer 
because of the relatively high phosphorus to nitrogen ratio and the variability in 
this ratio between different sources of chicken litter. 

Regional and global transport of grain and the cycling of nitrogen (and 
phosphorus as well) are illustrated in Figure 5.4. The import of feed grains 
divorces livestock production from the land where livestock waste could be 
recycled, resulting in a concentrated mass of nitrogen and phosphorus. The 
residual nitrogen and phosphorus not taken up in crops, converted back to No, in 
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Figure 5.4 Trade impact on the N cycle. 
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the case of nitrogen, or incorporated into new soil is lost to the atmosphere 
and water. 


5.6 LANDSCAPE MODIFICATIONS THAT AFFECT WATER, 
AND CARBON, NITROGEN, AND PHOSPHORUS 


In a preindustrial world, the amount of rN and phosphorus bioavailability was 
constrained by natural processes. Biologically available amounts of rN and 
phosphorus were rapidly taken up by plants. When plants died, the now 
bioavailable nutrients were integrated into the soil, maintaining the ratio of carbon 
to nitrogen and phosphorus present. In wet soils, like wetlands or floodplains, 
denitrifying bacteria utilized remaining rN converting the nitrogen from its 
reactive form back to its stable inert form, N». Phosphorus, which was almost 
always in short supply in soil and plant ecosystems, was quickly recycled. In this 
way wetland, forest, and grassland soils serve as regulating media, both as sinks 
retaining rN and bioavailable phosphorus and, in the case of wetland soils, 
processing excess rN. The soils kept excess bioavailable nitrogen and phosphorus 
from moving into the air and water pools, and thus making them biologically 
unavailable. 

The wetland and river floodplain soils (hydric soils) can remove vast quantities of 
nutrients from water. However, for these lands to be effective in denitrifying and 
removing excess nutrients, the soils must be in contact with the nutrient-enriched 
waters. Land modification such as draining and conversion of wetlands to 
agricultural and urban use, dredging and straightening of rivers, excessive 
livestock grazing, and alteration by exotic plant species reduces the efficiency of 
these lands in denitrification. Phosphorus from fertilizer applications or animal 
waste builds up in the soils unless removed by harvesting the crops grown on 
these soils. Oversaturation of the soils with phosphorus leads to bioavailable 
phosphorus becoming dissolved in soil water which can lead to the phosphorus 
being transported offsite. 

As developed and developing nations demand more agricultural production of 
food, feed, fiber, and now fuel, the problem only escalates. The seemingly small 
changes to our ecosystems over many generations — such as the draining of 
wetlands, the straightening of rivers, agricultural monoculture, and confined 
animal feeding operations — aggregate to large imbalances of nitrogen and 
phosphorus. What these imbalances mean for the health of our environment and 
our welfare is discussed in Chapter 6. 

To reiterate the message, we conveyed at the beginning of this chapter, the 
chemical elements, nitrogen and phosphorus, can assume many chemical forms in 
combination with other elements in our environment. In so doing their properties 
change as well as changing the media, water or air or land, in which they reside. 
Though we do not see or perceive these transformations, their mass, or if you 
prefer their number of atoms, does not change. It is conserved. In nature and in 
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ecology, eliminating a chemical compound from one medium or one location means 
it exists in a different form or in a different medium or location. In managing natural 
resources, one must think of our chemical world in terms of availability and 
reactivity in juxtaposition with sinks and inertness. Everything goes somewhere. 


5.6.1 Land modifications affecting the chemical 
balancing act 


We will now identify a number of human activities that influence the movement of 
water and nutrients and follow the logical implications of these activities on water 
quantity and quality, and start considering alternatives for addressing the adverse 
effects of human activities. The activities we will examine are changes within the 
broad landscape, including vegetative cover and infrastructure (dams, roads, 
levees, and irrigation and drainage systems), and increases in nutrients and other 
inputs introduced into the environment. 

It is important to bear in mind that most environmental management analysis 
involves examining changes from the current condition, not changes from natural 
systems. We use this reference point because many of the issues that 
environmental managers address are in systems that have been previously altered. 
Their task is often to ameliorate problems that were not anticipated when the 
system was modified. Examples include developing cropland conservation 
systems to address erosion or nutrient runoff, designing urban infrastructure to 
slow and reduce storm water runoff, and siting roads and other infrastructure to 
avoid issues with flooding, erosion, and susceptibility to extreme events. 


5.6.1.1 Altered vegetation and land cover 


Humans have fundamentally changed the landscape. In premodern times this would 
have involved changing the natural vegetation; for modern man this includes 
constructing buildings and other structures, paving roads, parking lots and other 
areas, and installing other infrastructure, but also rehabilitating degraded parks or 
cropland, reclaiming industrial sites, reforestation, and establishing conservation 
covers. What implications do these changes have for water as it moves across the 
land surface? 

As was discussed in Chapter 2, the land cover affects the interception of 
precipitation, infiltration of water into soils, the speed water moves across the 
landscape, and the amount of evapotranspiration. In Chapter 6 we use gravity, 
observation, and the fact that water does not disappear to look at these 
individually and examine the likely impacts on rivers, lakes, and streams in the 
context of a series of increasingly more intense precipitation events. 

Interception — Changing land cover changes interception as a rule, trees intercept 
more precipitation before it hits the ground than do shrubs, which in turn intercept 
more than grass (Dunkerley & Booth, 1999; Li et al., 2017; Ufoegbune et al., 2010; 
Sheng & Cai, 2019). Roads, buildings, and other structures are considered land 
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surfaces (Hollis, 1988), so they do not intercept precipitation, but some water will 
evaporate before flowing into waterways (Hollis, 1988; Smith et al., 2013). 
During small precipitation events, a sizable portion of the precipitation is 
intercepted and evaporates before reaching the land surface. As precipitation 
events increase in volume, the percent of the precipitation that is intercepted and 
evaporates decreases. Thus, the role vegetative interception plays in water 
movement diminishes as precipitation events increase in intensity (Dunkerley & 
Booth, 1999; Li et al., 1999; Ufoegbune et al., 2010; Sheng & Cai, 2019). 

Infiltration and velocity of overland flow — Changing vegetative cover alters how 
rapidly water moves across the landscape as surface flow, as well as infiltration into 
the soil. These changes occur because modifying the vegetation both alters the 
roughness of the landscape and the quality and constitution of the soil (especially 
carbon content and bulk density) and thus the soil’s capacity to hold water. 
Changing the roughness modifies the obstacles to water surface movement, 
altering the time available for infiltration, and thereby changing the amount of 
water that infiltrates into the soil and becomes part of the base flow. Forest and 
grassland soils have more pores and pore space and have a higher soil carbon 
content than does the same soil in cropland. Lands converted to cropland have a 
surface less rough than forests, grasslands, and other natural systems and 
generally retain less water. 

Human development, such as roads, parking lots, and buildings, increases the 
amount of impervious surface within a watershed. If impermeable surfaces replace 
vegetation, infiltration is eliminated, and the amount and velocity of surface water 
flow increases. Water moves into streams more rapidly, contributing to higher 
peak stream flow that occurs with precipitation events (Hollis, 1988). Faster 
surface runoff has more energy to move soil and other materials. 

With more impervious surfaces and a smoother landscape, single storm events 
can cause surface flow to reach streams more rapidly. This is because water 
infiltrating into the soil moves towards the stream laterally and much more slowly 
than surface flow. These differences are reflected in differing stream responses to 
storm events in altered and unaltered watersheds (revisit Figure 2.4). If the 
precipitation is a frozen state, it can be stored over winter. The ice either on the 
surface or within soils can act as an impervious layer stopping or slowing 
infiltration. When rain falls on melting snow and ice (the frozen remnants of 
previous storms), surface flow includes water from multiple events. The 
combination of surface flow containing water from multiple storms and reduced 
infiltration explains why many floods occur in the spring when spring rains falls 
on snow and ice from a heavy winter. Changes to the landscape can either 
exacerbate or mitigate this. 

Changing vegetative cover affects evapotranspiration. Different plants transpire 
different amounts of water. When you think about it, at the extremes you already 
know this (consider the difference in moisture demand for a cactus and a tree). 
The same can hold true for grass versus trees and different crops (Sinclair et al., 


92 It Aint Magic: Everything goes Somewhere 


2005; Asbjornsen et al., 2007). The rate of evapotranspiration can allow for more 
space for water to be retained (soil water storage capacity), and affects both the 
surface and subsurface flow into rivers and streams (Hatfield et al., 2009). 

As you consider how a changing land cover alters the quantity and velocity 
of water movement, remember that water is a primary agent for moving soil, 
nutrients, and other materials across the landscape. We will be examining some 
aspects of these changes in Chapter 6. 


5.6.1.2 Irrigation and drainage: two sides of the same coin 


Since the advent of agriculture farmers observed that too little or too much water 
harmed crop growth. If too little water was inhibiting crop growth, the obvious 
solution was to irrigate their cropland. Farmers began irrigating early on. “The 
earliest archeological evidence of irrigation in farming dates to about 6000 B.C. 
in the Middle East’s Jordan Valley’ and there is evidence irrigation was being 
used around the same time in Egypt (Hoffman et al., 1990; Sojka et al., 2002). 
Today irrigation is a major tool in providing food for a world with more than 7 
billion persons. ‘Irrigated agriculture now covers 275 million hectares (680 
million acres) — about one fifth of cultivated land accounting for 70% of global 
water withdraws’ (UNESCO, 2019a, b). In short, irrigation is an important 
human intervention on the landscape. 

Irrigation provides substantial benefits by increasing and stabilizing 
agricultural production for a rapidly expanding world population; however, by 
removing water from waterways, ground water, and aquifers and diverting it to 
cropland, irrigation modifies water regimes and can result in soil salinization 
(increasing concentrations of salts in the soil from either the irrigation water or 
leachate from minerals in the soil or soil column), waterlogging, and reduced 
water availability in the areas from where the irrigation water has been drawn. 
Additionally, not all of the irrigation water is used by crops. Irrigation water has 
greater exposure to the atmosphere leading to higher evaporation before it reaches 
plants (Martinez-Granados et al., 2011). Residual water (irrigation return flow or 
tail water) that leaves the fields transports sediment, fertilizers, mineral salts, and 
other agricultural chemicals, and can degrade water quality. 

Where there is too much water for the growing of crops, drainage systems are 
often used to remove excess water. These are often sites that tend to flood or 
become saturated during the growing season. These drains function by interacting 
with the water table to provide an unimpeded path for water to flow into 
waterways (Royer et al., 2006; Ahiablame et al., 2011; Williams et al., 2015). 
They lower the water table providing aerated soils more conducive for root 
growth. Drainage systems can be shallow ditches that carry water off a field, 
extensive, highly engineered subsurface drains removing water from substantial 
catchments, or the windmills and powerful pumps that have reclaimed the 
Dutch lowlands. 
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Drainage systems alter the hydrologic nature of rivers and streams by moving 
water more rapidly into streams, intercepting water tables and water infiltration, 
reducing subsurface base water flow, and lowering the water table. The more 
rapid movement of water into streams during and immediately after a storm event 
results in a higher stream peak flow, while the reduced subsurface recharge 
causes lower stream base flow between storm events (Schilling & Helmers, 2008; 
Smith et al., 2013). By changing how water moves across and through the 
landscape, drainage also affects the transport of soil and nutrients. 

There are, in general, two types of drainage: surface ditches, which intercept 
ground water tables and drain to waterways, and subsurface drainage. Subsurface 
or tile drains are perforated pipes generally buried 3—6 feet underground that 
drain into waterways (Panuska, 2017). The 2017 Census of Agriculture (National 
Agricultural Statistics Service, 2019b) reports that there are 56 million acres (23 
million hectares) of cropland with tile drainage in the United States and 44 
million acres (18 million hectares) of surface drainage cropland. Tile drainage 
systems are concentrated in the Midwest where corn and soybeans are the 
predominate crops. 


5.6.1.3 Levees 


Levees are embankments along the sides of a river built and placed to protect 
buildings and cropland by keeping flood water from leaving the channel and 
flooding the site. Levees alter river flow and in general disconnect the river from 
natural floodplains, which would store water during flood events. Too often 
levees succeed by causing water to flow into areas where it normally would not. 
Thus, if land on both sides of a river are of equal height but one side has added a 
levee, the water on the other side will flood higher than if the levee were not there. 

If both sides of a river have levees, then the river will be narrower at that 
location than it would have been during flood events; and water will be forced 
downstream. Because the same amount of water is trying to move downstream 
through a narrower passage, the water level will rise and the rate of flow will be 
faster. This results in higher peak flows during floods for downstream 
communities. The greater rate of flow concentrates the energy of the river 
increasing stream bank erosion and the scouring of the river channel. Faster 
moving water also means that the water has more energy to move things such as 
sediment, changing the river morphology as less sediment is deposited upstream 
and more is carried downstream. The erosion and scouring result in sediment and 
the materials attached to it being brought into the water column, and transported 
downstream. The sediment and the nutrients attached to the sediment are 
deposited downstream as the current slows. 

In many high-water events, levees are effective in moving water past protected 
sites to areas designated to receive flood waters. However, under extreme 
flooding events, levees can be overwhelmed, resulting in catastrophic damage to 
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affected communities. Another effect of constraining rivers is that an elevated water 
level on the main stem of a river can, during flood events, prevent water from 
draining from the tributaries into the main stem. Flooding in these backwaters can 
be significant (Singh, 1996). Straightening rivers (eliminating the natural curving 
of rivers in relatively flat landscapes) increases flow and the amount of sediment 
scoured from river beds and banks. 


5.6.1.4 Dams and reservoirs 


Dams are structures placed along waterways to raise the water level and create a 
reservoir, as well as to regulate flow. Reservoirs store water from river flow. 
They temporarily hold water from stream flow and release the water in a 
managed manner. The water leaving the dam is called outflow. Dams can provide 
some control over river flow and have been used to reduce flooding and provide 
minimum flows during droughts. However, the variable river flows from natural 
climatic variation means that dam managers need to determine how much 
outflow to release and how to schedule to releases. These decisions determine 
river flow below the dam and require difficult decisions that involve conflicting 
objectives, placing a great deal of responsibility on those managing water. These 
tradeoffs can become acute during extreme events such as flooding and drought. 
Examples of conflicting objectives include water storage, irrigation demand, 
flood control, river navigation concerns, energy generation, and the health of 
riverine ecosystems. 

Dams block stream flow causing suspended sediment to settle so that over time, 
these reservoirs collect silt and sediment that otherwise would flow downstream, 
thereby decreasing their potential for mitigating peak flows during storm events. 
Larger sediment particles moving downstream normally replenish lands, such as 
wetlands, located in or adjacent to the river. In areas where the land is sinking 
due to geologic phenomena, this loss of replenishment by heavier sediment leads 
to their disappearance (Syvitski & Kettner, 2011). Many, if not most, dams 
constructed in the United States for the purpose of mitigating downstream 
flooding have reached or are approaching their maximum operational lifespan 
given when they were constructed — most over fifty years ago. Dam failures or 
sediment-filled dam reservoirs can cause catastrophic damage downstream. 

Reservoirs can provide multiple services such as energy production, urban water 
supply, irrigation, and recreation. The classic example for energy generation is the 
old mill pond used to drive the mill for grinding grain, while the more modern 
example is the hydroelectric plants in western North America. Reservoirs provide 
greater stability for human water supplies, but increase water loss to evaporation, 
and disrupt river hydrology. These disruptions can cause environmental problems 
that may not manifest themselves for decades or even longer by changing the 
amount and type of sediment that rivers otherwise carry downstream, altering 
water temperature that can affect aquatic life, and affecting the ebb and flow of 
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water levels and hence fish and animal habitat. Finally, all reservoirs behind dams 
eventually fill up with sediment, gradually losing their capacity to store water and 
creating a potential threat to the structural integrity of the dam. 


5.6.1.5 Livestock production and manure 


Humans have domesticated numerous animals. Cattle, hogs, horses, chickens, oxen, 
sheep, and many other animals have for millennia been breed and raised for food and 
labor. Among the consequences of the nexus between humans and livestock are 
improved diets, the need to feed these animals, and the production of animal 
manure. Although initially farmers did not have a modern understanding of the 
chemical processes involved, they observed that adding manure to soils increased 
crop production. We now know that the nitrogen, phosphorus, and carbon 
contained in manure provide nutrients and enhance soil health. Additionally, 
manure stimulates microbial populations that facilitate soil functions and enhance 
soil health. 

Although manure contains nitrogen and phosphorus in plant available forms and 
has value as a fertilizer, the proportion of these elements varies by livestock type and 
fluctuates as much as plus or minus 30% due to genetics, diet, mineral supplements, 
farm management, and other factors (Lorimar et al., 2004). The great variability in 
manure nutrient composition, diverse soil characteristics, and different crop nutrient 
requirements mean that the nutrient content rarely contains an optimal mix of 
nitrogen and phosphorus. This variability poses a dilemma for farmers because it 
makes it difficult to apply manure at a rate that meets plant needs and avoids 
applying excess amounts of nutrients that can pollute waterways. For this reason, 
the nutrient content of manure should be tested (Dou et al., 2001). 

Early farms were small and often raised both crops and animals, a production 
system that facilitated the use of manure with few environmental issues. 
However, as modern agriculture developed, farms became larger and more 
specialized. In more developed countries, livestock production enterprises (used 
in this text to refer to all animal agriculture) have tended to expand in size and 
become highly specialized. Frequently they do not produce crops that could 
receive manure as fertilizer (Kellogg et al., 2000; Ribaudo ef al., 2003a, b). 
Manure is applied (and often overapplied) on adjacent land as a waste by-product 
[see What is waste? Box] rather than a resource for crop production. 

The chemical and hydrological processes discussed in earlier chapters provide 
the tools needed to examine manure applications and their effects on the 
environment. If manure is distributed on cropland, pastures, or other lands 
without considering the capacity of the soils and vegetation to use and store the 
nutrients in the manure, these nutrients can be over applied and available for 
transport off site. When this occurs, manure provides a source of pollutants for 
waterways and aquifers. An additional pathway for nitrogen in manure is through 
volatilization as NH3 or NO. Carbon is also emitted both as CO, and as 
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methane (CH4). Based on the storage and atmospheric conditions, these gases can be 
deposited miles away attached to particulates, fall contained in precipitation, or add 
to atmospheric greenhouse gases (Aillery et al., 2005; Letson & Gollehon, 2007). 


5.6.1.6 Fertilizers and agricultural chemicals 


Crop production is greatly enhanced by the application of nitrogen, phosphorus, 
potassium, and other fertilizers to boast plant growth and the use of pesticides to 
reduce losses to insects, disease, and other pests. However, crops are not 100% 
efficient in using these substances, which means they are available to leave the 
site, either in surface runoff or, if soluble, in subsurface flows. Because there is 
approximately 158 million hectares (390 million acres) of cropland in the United 
States (Natural Resource Conservation Service, 2018) and over 13.4 billion 
hectares (33.1 billion acres) of cropland in the world (Food and Agriculture 
Organization, 2003), even small amounts of these substances leaving individual 
fields can, in aggregate, result in substantial additions of nitrogen, phosphorus, 
and other chemicals entering waterways. 

In agricultural operations, nutrients can be applied as either solids or liquids. It is 
easy to see how liquids might be transported by water either in surface or subsurface 
flows, but solids need to shift phases to be transported in subsurface water flow. We 
are all familiar with compounds shifting phases. It is what we observe when we add 
sugar to coffee or iced tea. What happens? The granules dissolve into the fluid and 
apparently disappear. We of course know better and can attest to the sugar’s 
presence by taking a sip of our drink. This is sugar shifting from a solid phase by 
entering into solution. Soluble forms of nutrients such as nitrate and to a lesser 
extent phosphate do the same thing. Unlike our drink it would be unwise to test 
for dissolved nutrients or other chemicals by drinking water from irrigation 
ditches or streams. However, we can be reasonably certain that if soluble 
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compounds are present and water is available to transport them to waterways, that 
these compounds will be present in the water. That said, without conducting tests 
on this water we will not know how much of these compounds is being moved 
into waterways. 


This experiment demonstrated that there comes a saturation point when water 
can hold no more of a compound and it precipitates. At this point, the available 
water will not be able to transport additional amounts of the dissolved compound 
although the water can transport the compound in its solid form. This is an 
important factor to consider with respect to phosphorus compounds which are not 
as soluble as nitrogen compounds. 

As we discussed in Chapter 3, numerous forms of nitrogen (e.g. NO2, NO3, 
and NH,) and phosphorus (P;0;) are water soluble and susceptible to water 
transport. The same is true for numerous herbicides, insecticides, fungicides, 
and other chemicals in common use in modern agricultural production systems. 


5.6.1.7 Other sources of nutrients and carbon 


Energy production, industry, and transportation are sources of nitrogen and carbon. 
These sectors release nitrogen into the atmosphere that deposits, generally but not 
exclusively with precipitation, on land and waters contributing to the nitrogen 
cascade discussed in Chapter 3. Hydrocarbon mining and processing results in 
the inadvertent release of methane and other gases, and the production of 
uncaptured byproducts some of which escape into the environment. These gases 
and byproducts contribute nitrogen and carbon into the atmosphere, waterways, 
and industrial waste disposal areas. Industrial processes often use hydrocarbon 
energy sources that release carbon and nitrogen into the atmosphere and 
waterways and generate byproducts. Similarly, transportation systems largely rely 
on vehicle engines that rely on hydrocarbon combustion, which in aggregate 
release large amounts of carbon dioxide and nitrogen oxides into the atmosphere. 
To be effective environmental management strategies need to account for the 
carbon, nutrients, and other pollutants contribution of these sectors into ecosystems. 


Chapter 6 


Impacts of human-caused 
changes to water flow and to the 
balancing of the carbon, nitrogen, 
and phosphorus cycles 


Nature sides with the hidden flaw. 
—Murphy’s Laws 


In the previous chapter, we discussed how humans have altered natural systems, 
generally to their benefit, or at least to the perceived short-term benefit. We 
showed how the components of our environment relate to each other in a balance 
among cycles moving from one key carbon, nitrogen, phosphorus (CNP) pool to 
the next. Human population growth has demanded tremendous modifications of 
natural landscapes and shifts in how resources are used and where they go. 
Natural systems undisturbed by us could not have sustained this population 
growth. In this chapter, we introduce you to the challenges in protecting and 
managing our natural resources that we now face as a consequence of these 
shifts. Wise management of these resources is necessary if we are to continue to 
enjoy their benefits. 

We first identify several categories of natural resource and environmental 
impacts and then help you make the connection between how altering water 
stocks and flows and disturbing the balance of the carbon, nitrogen, and 
phosphorus cycles contributed to these impacts. The four main categories of 
impacts we discuss are floods and droughts; diminution or impairment of water 
quality, with associated impacts on the quality of both aquatic and terrestrial 
habitats; diminished air quality; and climate change. The latter relates to all of the 
above, just as all of the above are also interconnected components of a larger 
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system, although on different timescales. The discussion illustrates how an action 
leads to an effect. At this point it should be clear to you why these impacts are 
‘sticky’ and why addressing the negative impacts is so difficult. 

We emphasize that in our discussion of water movement we are referring to 
freshwater resources. It is important to bear this in mind because although 71% of 
the world’s surface is water, only 2.5% of water is freshwater, its relative scarcity 
makes it critically important for human welfare (Bureau of Reclamation, 2020). 
As populations grow, useable water for drinking and agriculture is expected to 
become a constraining resource (Gleich, 2017; WHO, 2019). This limitation has 
already been observed in Sub Saharan Africa, South Africa, the western United 
States, and elsewhere. Actions that can conserve clean, freshwater will become 
more important. 


6.1 IMPACTS FROM FLOODS AND DROUGHTS 


The number and intensity of floods and droughts in the United States, including 
associated wind-related events, have increased over the past forty years with 
concomitant damages increasing as well (U.S. Global Change Research Program, 
2018a). Figure 6.1a shows the number of flood and drought-related events since 
1980, with Figure 6.1b showing the estimated damages per year associated with 
the events. What is clear is that the upward trend for damages is beyond the 
expected year to year variation. What cannot be discerned from these data is the 
percentage of the damage cost that could have been avoided through better 
planning, a topic we discuss in Chapter 7. 


6.1.1 Flood damages 


Floods are part of the natural cycle of weather events and water flows. However, 
flood damage is a human concept. Early farmers recognized that annual spring 
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Figure 6.1 (a and b) Number of flood events and the associated damages. Source: 
U.S. Global Change Research Program (2018a). 
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floods brought nutrients to their cropland, increasing yields. Their cultures 
adapted to these floods, and generally viewed them as beneficial. However, 
flooding also killed livestock, ruined crops, damaged dwellings, and impeded 
river traffic. The extent of damage that is caused depends on what is flooded, 
flood level and duration, and what is in the water. Ironically, because 
floodplains are flat, are located conveniently for river transportation, and often 
have fertile soils, they are attractive sites for establishing towns, cites, and 
farms. As settlements expanded and more structures were constructed, more 
flood damage occurred. 

One can classify the nature of flood damages by (1) damages associated with 
natural variation in water levels resulting from having placed crops, livestock, 
and structures in the wrong place and (2) damages to livelihoods and property 
resulting from increased water levels resulting from human alteration of natural 
water flow. The latter is of more interest to us here even though the former too 
often occurs as a result of human hubris, ignorance, or willingness to gamble 
with the probability of a flood event. In the former category, we put the unwise 
construction of homes in drained wetlands or floodplains unprotected or 
inadequately protected by levees. Levees provide protection in the event of a high 
water flow event provided that the water does not breach the levee or exceed its 
height. Levees constructed by other communities can cause water levels to rise 
for other communities located on the same river. These rising waters can overtop 
levees built to handle ‘natural’ flood levels. 

As we have repeated throughout this text, water, or anything else for that matter, 
does not simply disappear. It goes somewhere and furthermore it goes downhill. 
And the speed of water matters. Human actions change the speed and pathways 
of water movement. Altering drainage patterns with barriers, drainage systems, or 
reservoirs changes how fast water moves and how quickly water arrives in 
waterways. Changing vegetative covers alters infiltration and evapotranspiration 
levels which change the proportion of water that moves into the atmosphere 
versus surface flow. Human intervention includes vegetative change, irrigation 
and drainage systems, levees, and dams (Chapter 5). 

Constructing levees to protect human activities from flooding alters the natural 
water flows. Conducting activities in floodplains and in areas susceptible to flood 
damage increases the potential for damage. [Less intensive use, such as leaving 
the land in parks, pastures, and forests mitigates this risk.] Any upstream activity 
or modification to the landscape that increases runoff can contribute to the risk of 
flood damage, with the possible exception of major rainfall events. 

Storm surges associated with hurricanes can also cause flooding. Even though 
they are natural phenomena, their timing or magnitude cannot, at this time, be 
precisely anticipated. The severity of their impacts can be exacerbated by human 
actions that can increase their damage, such as degrading or removing coastal 
wetlands and barrier islands that otherwise would diminish the energy and 
volume of water associated with these events. 


102 It Ain’t Magic: Everything goes Somewhere 


6.1.2 Drought impacts 


In the United States the economic costs of droughts amount to some $9 billion 
per year, generally to agricultural interests (NOAA, 2020). The damages result 
from a variety of economic insults, including reduced water for drinking, 
irrigation, and industrial use. River base flow below the depth necessary for 
barges and other vessels impedes river transportation. Delays increase costs and 
can cause a diminution of the value of the goods transported. In watersheds 
where human interventions have reduced subsurface base flow, the likelihood for 
low flows sufficient to adversely impact human activity is increased. The impact 
of low flow can be particularly acute when the rights to withdraw water from the 
steam have been based on stream level from years with high flow. 

Droughts may appear to be solely a consequence of climatic variation. However, 
their severity and frequency are affected by human actions. Land management 
affects the vulnerability of the soil and the vegetation to periods of low 
precipitation. Humans exacerbate the impacts of these droughts by how they 
manage the organic matter in the soil and the vegetation. Even in river systems 
where extreme deficits of precipitation have not occurred, humans can create 
situations of water scarcity, generally downstream of dams where water flows can 
be regulated, by diverting water for irrigation or other uses thereby depriving 
downstream users of the water. Redirecting water from rivers further serves to 
reduce base flow, depriving downstream habitats of water raising the potential for 
ecological damage. 

Altered land use in the form of urbanization has increased impervious surface 
area, leading to more rapid runoff and reduced infiltration, which in turn reduces 
longer term water storage. Our need to grow crops for food has altered the land 
cover over vast expanses of arable land. In the United States of the approximately 
802 million hectares (3.1 million square miles) of land area, approximately 28% 
has been altered by humans for use as cultivated cropland, pastures (22%) or 
settlements (6%) (Sleeter et al., 2018). Changing the land cover by converting 
native grass or forest land to crop use, alters the flow of energy, water, and 
greenhouse gases from the land to the atmosphere. Agricultural lands tend to 
have more runoff and less soil water storage than land with native vegetation. 
Also, agricultural uses often require drainage or irrigation systems, both of which 
decrease water storage. In droughts, the reduced water storage associated with 
urban and agricultural land increases the drought’s impacts. 

The organic component of soils has declined precipitously since the mid- 
nineteenth-century with the expansion of agriculture. Degrading soils along with 
deforestation and conversion of grassland to cropland was a major source of 
carbon to the atmosphere (Lal et al., 1997). In the agricultural breadbasket of the 
United States, roughly half the organic matter in cropland soils has been lost, 
largely as a consequence of tillage practices that exposed the soil to oxidation 
(Natural Resource Conservation Service, 2013). The soil organic matter holds 
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much of the water that sustains growing plants in periods of low precipitation. 
Studies have shown with a 1% increase in soil organic matter, the available water 
holding capacity in the soil increased by 3.7% (Food and Agricultural 
Organization, 2003). The loss of one half of the 6% carbon from these soils 
initially contained results in a more than 10% loss of the capacity to store water. 


6.2 WATER QUALITY IMPACTS 


Rivers and streams, as explained in Chapter 2, transport sediment and nutrients. 
Human activity has increased the quantity of both sediment and nutrients 
transported by rivers. According to United States Environmental Protection 
Agency, as shown in Figure 6.2, the biological condition of waterways in the 
United States is generally poor. Some half of the streams and rivers are in poor 
condition and another quarter in fair condition, as assessed against biological 
indicators. Nitrogen and phosphorus predominate as chemical stressors, with 41% 
of the surveyed waterway reaches impaired, that is fail to meet water quality 
standards for their designated use, by nitrogen and 46% by phosphorus. 
Acidification accounts for 1%. The survey found that 24% of the rivers and 20% 
of the streams suffered from high levels of riparian disturbance — that is, human 
activity. Fifteen percent of rivers and streams exhibited excess streambed 
sedimentation. 
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Figure 6.2 Biological condition of the nation’s rivers and streams, based on the 
Macroinvertebrate Multi-metric Index. Adapted from U.S. Environmental Protection 
Agency (2016). 


104 Guide to Understanding the Principles of Environmental Management 


These findings should be disturbing to anyone concerned about the quality of 
our environment. Keep in mind, however, that the conditions of waterways 
in general have actually improved since the major environmental laws in the 
United States went into effect in the 1970s. Progress has been made with 
emissions from urban centers — smokestacks and sewage and industrial 
drainpipes (U.S. Environmental Protection Agency, 2020a). In most of these 
cases, a control technology could be identified and installed to reduce pollution. 
As this book has provided you with the tools to evaluate problems, you can 
surmise that progress has stalled in protecting rivers and streams from nonpoint 
pollution (that is to say sources other than smokestacks and drainpipes). These 
sticky problems remain. 

Streams flow into rivers and rivers flow into estuaries and near coastal waters 
and ultimately the oceans. What can we say about the conditions of estuaries 
and the oceans? According to the U.S. Environmental Protection Agency, some 
30% of bays and estuaries are impaired. Major stressors are nutrients and 
sediment. Pollution transported through the air and deposited to water bodies is 
also a significant threat. Sediment dispersed in water makes waterbodies murky 
reducing the amount of solar radiation that reaches the underwater (subaquatic) 
vegetation. Eutrophication, the enrichment of water with dissolved nutrients, 
leads to a dense growth of microbial and plant life that suffocates fish and 
other animals in oxygen-poor (hypoxic) water. And what is happening to the 
oceans? An important impact is dead zones (hypoxia) from nutrient pollution — 
the nutrients that entered the waterbodies causing environmental effects 
discussed above eventually make their way to the ocean where they cause 
further damage. 


Nonpoint pollution 


Nonpoint pollution (also called nonpoint source or diffuse pollution) is 
defined by the U.S. Environmental Protection Agency as environmental 
contamination from land runoff, precipitation, atmospheric deposition, 
dispersed drainage, seepage, or hydrological modification. It is the pollution 
that is transported but cannot be easily traced (for the purpose of legal 
enforcement or compliance) back to a single source. Most (but not all) 
pollution from agriculture, because of the use of fertilizers and other 
chemicals and grazing of animals over widely dispersed areas, is classified 
as nonpoint. Where the pollution is clearly transported by identifiable conduits 
(such as a pipe attached to a building) to air or water it may be defined as 
point source pollution, depending upon the size of the operation and other 
factors. Pollution does not necessarily have to be chemical or biological in 
nature. An activity that results in the elevation of the temperature of a stream 
or river to levels that is detrimental to the viability of the ecosystem is also 
defined as pollution. 
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Figure 6.3 Hypoxic zones around the world. Red circles represent areas of hypoxia 
with intensity reflected by the size of the circles. Source: National Space and 
Atmospheric Administration (2008). 


Figure 6.3 shows the location of coastal and ocean dead zones throughout 
the continents and oceans, adapted from the National Space and Atmospheric 
Administration (2008) earth observatory. The size of the dots corresponds to the 
area of the dead zone. Though the data are from 2008, the message remains the 
same for 2020, just more serious. In the 1960s, scientists had identified 49 dead 
zones. As of 2005, there were 405, according to the study conducted at that time 
(Biello, 2008). 


6.2.1 Environmental impacts of soil erosion and 
sediment transport 


Soil, nutrients, and other materials leaving a site have an impact when they show up 
elsewhere. These effects are referred to as offsite or downstream impacts. They are 
different from damages from reduced productivity, soil carbon, or the loss of 
nutrient availability because these impacts are borne by individuals downstream 
or downwind from the operation rather than the operator. 


6.2.1.1 How water erodes soils 


Soil erosion, the displacement and transport of soil, is the bane of agriculture. Soil 
erosion takes place with or without human intervention, but human activities, such 
as altering the native vegetation (this includes land conversion to cropland), 
exposing and disturbing soils, and creating impervious surfaces, lead to 
accelerated rates of erosion. Tilling the soil is an example of soil disturbance and 
is a major cause of erosion from croplands. A direct economic consequence of 
erosion results is the offsite damages downstream resulting from degraded water 
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quality and the cost of dealing with soil deposited in ditches, reservoirs, channels, 
and harbors. When this accelerated erosion occurs on cropland it reduces 
agricultural productivity. For the remainder of this section we will refer to 
accelerated soil erosion due to human activity as either erosion or soilse “African scenes” of “ragged peasants carrying saints and stones and 
singing strange psalms,’ which were considered inappropriate for the na- 
tional capital because they undermined the “culture, decency and civiliza- 
tion” of the majority. Under the guise of concern, these overly credulous 
peasants were taken advantage of by swindlers and conmen, and there was a 
call to put a stop to the “speculators” who were using religion as a means of 
tricking the poor and collecting food handouts. Ironically, though, the un- 
certainties of post-hurricane life encouraged even elites to flock to the 
occult, with high-society women as the most avid clients of one “world- 
famous” clairvoyant who set up a practice in the colonial zone. And Es- 
piritista Alan Kardec's books sold like hotcakes to elites in the wake of the 
disaster.!9? 
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In sum, popular religion fulfilled a dual function in the aftermath of the 
hurricane. It provided the connective tissue for communal strength in the 
face of tremendous individual loss and grief, and thus legitimated a popular 
community increasingly villainized by the state; yet at the same time it 
forged a potent counterculture of resistance. Thus, in Turner's terms, these 
forms of worship were as much antistructure as structure. Unlike other 
parts of Latin America, where religion provided an important source of 
legitimacy for the colonial state, the historical weakness of both church and 
state in the Dominican Republic has meant that religion played a more 
contradictory—and even ambivalent—role in the culture of state legitima- 
tion. While certainly religious practice has commanded many leisure activi- 
ties of the poor through novenas or week-long patron saint festivals and 
pilgrimages, for centuries these have been primarily outside the formal 
auspices of the Catholic Church owing to insufficient clergy.!9* The result 
has been a deeply popular lay religious culture, in which religion has pro- 
vided an important "repertoire of contention" as well as an idiom of author- 
ity, notwithstanding the official clergy's views that "there was great indif- 
ference to religion and that ignorance was appalling.”!© 


BUILDING CITIZENSHIP 


The city was gradually rebuilt, but the discourse of social disorder remained 
after San Zenón. The nostalgic voices of the old elite invoking memories of 
the capital in the 1920s were eventually silenced, with engineers such as 
Henry Gazón and the Yale-trained architect Guillermo González Sánchez 
designing avant-garde Dominican Party palaces, luxury hotels, and govern- 
ment buildings for the regime. González's masterpiece was the luxurious 
Jaragua Hotel on the malecón or central boardwalk of the capital city, which 
was touted by American architectural publications such as Interiors, The 
Architectural Forum, and Projects and Materials as one of the first and 
finest resort hotels in Latin America. Called the “synthesis of an era,’ his 
work was both praised by the arbiters of international style for its innova- 
tion and slavishly imitated by his minions at the Department of Public 
Works.1% Yet American architectural critics found it perplexing that a 
tourist hotel would devote such a large percentage of space to public areas, 
which actually dwarfed the space devoted to bedrooms. The ballroom, 
dining room, and pool overshadowed the living quarters, which totaled a 
modest sixty-three rooms, few for a hotel of otherwise ostentatious propor- 
tions. Clearly, the Jaragua was not primarily intended for tourists. It was 
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designed primarily as a stage for Trujillista official events— dinners, dances, 
and balls—one that would tower above traditional elite venues such as the 
Club Unión. 

In 1944, workers' barrios were created by the state based on the bun- 
galow form, the prefabricated free-standing mass housing then in vogue in 
the United States. As we have seen, public housing policy was born of a 
deep mistrust on the part of elites vis-à-vis the poor—first the peasantry 
and later the urban underclass— because of their presumed rootlessness 
and nomadism. Trujillista urban reformers argued first that dwellings, 
apart from being an essential of human life, were "the most clear indication 
of the level and quality of civilization" of the inhabitant." Thus, shabby 
housing was more than a sign of poverty; dilapidated dwellings, it was 
argued, produced bad people. Indeed, not only would the appearance of 
ramshackle hovels create deficient workers, which damaged the economy, 
but shack dwellers themselves were predisposed to criminality and social 
deviance. Lack of sanitation, cleanliness, or organization made for absen- 
teeism and low worker productivity, and even eroded the moral fiber of 
residents. 

The key trope of late-nineteenth-century liberal anxiety was the no- 
madic montero, which became the rancho or roving shanty during the 
hurricane of San Zenón; but by the 1940s Trujillista reformers focused on 
the turgurio or hovel, a term that framed the problem of the urban under- 
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class in even more derogatory terms.*% In part due to shortages of basic 
housing materials because of World War II, the quality of new low-income 
residences built by the poor in Santo Domingo declined severely by the 
19408, as the semi-rural style of thatched hut with adjoining kitchen plot or 
conuco gave way to the shanty pieced together from refuse such as flattened 
cans. The appearance of "hovels" tucked away in "clandestine" neighbor- 
hoods, where there were inadequate plumbing facilities or light, communal 
kitchens, and insufficient bedroom space, constituted a social danger since 
such conditions were believed to lead to criminal behavior (such as pros- 
titution). The real problem, of course, was the fact that the liquidation of 
the terrenos comuneros had forced many rural migrants to migrate to 
urban centers seeking work. The trickle of migrants became a flood by the 
late 1930s through the 1950s, as Trujillo fomented the expansion of sugar 
and small manufacturing around Santo Domingo by forced sales at low 
prices, dispossessing thousands; they ended up in the barrios marginados 
surrounding the capital. Indeed, Ciudad Trujillo had growth rates of 7.38 
percent in the 1950s, the highest in Latin America, expanding twelve times 
from 1920 to 1960.9? And by 1955 it was estimated that 12 percent of the 
population lived in substandard dwellings.!/? 

In the first twenty-five years of Trujillo's rule, the regime spent more 
than 224 million pesos in buildings and public works, twenty-eight times 
more than the total of cumulative investment in public building since inde- 
pendence.*”* Indeed, construction insinuated itself into official discourse, 
becoming a recurrent leitmotif, such as the comment that the Dominican 
Party was "the only [one] in the Americas... which constructs consciences, 
builds wills . . . and using stone, lime, cement and sidewalks erects civic 
temples to be used by the people to labor for civilization . . . to rebuild the 
civic and cultural architecture of the nation.”!”? A good part of this invest- 
ment was spent building workers' housing such as the Barrio de Mejora- 
miento Social and Ensanche Luperón, which were intended for displaced 
peasants, although many went to Trujillo's special friends, the high-ranking 
military.'7? With the purpose of avoiding high-rise units, these housing 
complexes were built as individual bungalows grouped into clusters of two 
rows of six homes each. The free-standing houses were intended to elevate 
the culture of the Dominican family by eliminating the overcrowding typi- 
cal of the urban underclass and imparting the urban mores that would 
transform peasant residents into virtuous citizens. For this reason, the 
planned neighborhoods were built around affordable A-frame units with 
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two or at most three bedrooms and small backyards. The government 
provided a credit plan through which residents could gradually purchase 
their units, one intended to give "permanency" to the communities and 
help consolidate families.!”4 

Residents did adapt the design to suit their needs, however. For example, 
the standardized bungalow design used in Maria Auxiliadora included an 
enclosed kitchen adjacent to a back entrance, a plan that was anathema to 
rural Dominicans for whom the kitchen must by definition be located out- 
side the house, so most barrio residents built add-on exterior kitchens.” 
The bungalow design drew on the low-cost prefabricated units of Levit- 
town and on the California mission style which had become popular during 
the 1920s in Gazcue. A Spanish visitor was suitably impressed: "The [work- 
ers] houses are no different than the good modern dwellings; they are 
exactly the same as the little country cottages of Hollywood.”*”* 

The guiding principle of planned neighborhoods built in Ciudad Trujillo 
in the 1940s was avoidance of irrational mobs with a proclivity to vice and 
violence by the elimination of overcrowding, both within the house as well 
as in the greater metropolitan area. As Trujillo stated pedantically at the 
inauguration of the first planned barrio for "social improvement": 


Conscious workers must avoid “irrationalism,’ that is to say, the blind 
acceptance of whatever rash form of behaving, because this leads to an 
inevitable crisis of values, a demoralization of fatal consequences, and, in 
the end, makes one float in the middle of the blind and sterile overflow of 
hatred and passions, in a low-level rebellion of the primary instincts. 


When Trujillo stated that the government gift of homes was to bring "sta- 
bility and love;' stability was a code word for wiping out the nomadic 
montero, as well as its urban equivalent, the informal underclass. "Love" 
indexed the securing of allegiance through patronage, since apartments 
were intended to purchase submission to the regime. 

If the "dangerous classes" became increasingly feminized during the 
hurricane, it makes sense that housing, the most potent symbol of the cult 
of domesticity of the regime, became the fulcrum of urban social policy. For 
Trujillo, domestic order was the handmaiden of political order, under the 
notion that good houses would make good citizens. Yet for a culture in 
which one's home defines one's social person, the gift of shelter was a 
powerful means of extending the appearance of citizenship, one which 
encouraged the image of a paternalist state. Unlike other populists whose 
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charisma relied on a union with the masses, Trujillo eventually staked his 
cult on their containment, their enclosure in nuclear A-frames, and their 
eventual civilization under state tutelage. 

However, the Neighborhoods for Social Improvement were not the most 
ambitious effort on Trujillo's part to rationalize urban space and residential 
mobility in Ciudad Trujillo. If, in the 1940s, the state sought to create 
neighborhoods without crowds, in the 1950s this agenda was expanded to 
the entire city. The regime first began to design a national urban planning 
scheme in 1944, when the General Plan of Urbanization and Beautification 
of Cities was implemented, establishing controls on housing safety and 
aesthetics.!”8 After 1944, all new building plans had to be approved by the 
Department of Public Works before construction commenced. But the real 
effort to establish effective urban planning began in 1952, with the founding 
of the National Commission of Urbanism, blossoming in 1955 into the 
Office of Growth Regulation of Ciudad Trujillo and the Trujillo Plan of 
Urban Betterment ofthe Capital ofthe Republic. With its concept ofthe city 
asanorganism, this plan was a comprehensive effort to regulate city growth, 
including zoning, park development, and the complementary establishment 
of separate residential and industrial areas. It sought to both differentiate 
and streamline city functions to permit more orderly growth.!7? 

Interestingly, this plan was also an effort on the part of some urban 
planners critical of the impact of the regime on daily life in the capital to 
alleviate certain problems: the interiorization of public life, for example, as 
a result of both the surveillance apparatus, which discouraged people from 
speaking in public for fear of being overheard, and the elimination of public 
meeting grounds such as plazas from the new neighborhoods.!* The style 
of park permitted by the regime was more monumental than civic, like the 
Parque Ramfis, lauded for its state-of-the-art children's swing sets and 
perceived as primarily an expensive gift from the dictator to the people, 
with the purpose of eliciting gratitude. For example, one admirer described 
it as "the resplendent enchantment of a pearl, Ramfis Park, pious oasis of 
the childhood of all social classes."*! The plan was designed for the rebirth 
of the spirit of a metropolis which had been crushed by the dictatorship, 
one which would reestablish the center of social gravity around an expan- 
sive park— part recreational site, part educational center—to recreate a 
public culture. It stood in contrast to the traditional municipal plaza, 
which, by definition, was an extension of civic society with some govern- 
mental functions, primarily for the privileged; the proposed central park 
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would be for the masses, so large that multiple groups could congregate at 
the same time. Like a green, it would afford privacy in public. In fact, the 
plan explicitly underscored the need to permit and even encourage the 
formation of collectivities around “unanticipated activities,’ as if spontane- 
ous sociability or leisure itself had taken on a sinister and suspect air under 
the regime. The plan spoke, for example, of policies aimed at conserving the 
"intimacy" of the barrio by congregating all services in one area, apart from 
residences, to allow relationships to form outside the state or the market. It 
also proposed actually widening thoroughfares in residential areas so as to 
enliven, rather than squelch, street life—a radical proposal given the way in 
which streets constituted such an important popular realm in the Domini- 
can Republic. Finally, the plan advocated decentralizing the city by allocat- 
ing services to the barrios so as to make them more autonomous, thus 
returning some of the vigorous communitarian ethos lost when they be- 
came strictly dependent on the municipality for their existence. Proposals 
such as these could be seen as a revolt against the pervasiveness of public 
life under the Trujillo regime—the constant rallies, parades, civic rituals, 
and surveillance. The plan was a reminder that to be alive, barrios needed 
more than just agents of governmentality; they needed sites of civic society 
as well, not only schools and police, but parks and coffee houses.!?? 


CONCLUSION 


The popular support for Trujillo that emerged out of the hurricane was of a 
particular kind. There was a perceived need for a style of leadership that 
would combat the image of the Dominican as idle shifter (i.e., montero).!*? 
Yet as we have seen, this image appeared anew during the hurricane as the 
collapse of social distinctions uncovered other fears about the relationship 
between city and country, rich and poor, and leadership and masses. In the 
end, the tension in state policy under the Trujillato between paternalism and 
absolutism was resolved in favor ofthe latter. As one contemporary observer 
explained, while a certain amount of regime tenderness was necessary in the 
beginning due to the exceptional circumstances ofthe hurricane, ultimately 
"a government must be composed of men, of men of much action, initiative 
and self-denial.”*** Thus the figure of Trujillo emerged as a strong man, at 
the helm of a strong state, both crucial to give shape and mass to a shifting, 
disorderly, and by implication feminine, nation.!*? 

This correspondence between leader and people was not the only regime 
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trope fixed during San Zenón. Another element of official rhetoric estab- 
lished during the hurricane, for example, was the need to eliminate political 
competition and unify around issues of national development, a move in- 
tended to stifle dissent. Trujillo's objective was said to be that of "depoliti- 
cizing" the country to eliminate the caudillo civil wars of the past. Yet the 
state of emergency imposed during the hurricane entailed extraordinary 
powers which were not rescinded after the chaos had subsided. For exam- 
ple, the right to freely travel abroad was withdrawn. For the first time, 
individuals were required to seek special government permission to travel 
overseas, on the real or trumped-up charge that merchants who were un- 
able to repay their creditors were fleeing the country and wreaking havoc 
on national credit.!*6 For the next three decades, strict control over access 
to passports became a key tool with which to police the elite and middle 
classes. Finally, important social control laws aimed at tying peasants to the 
land and inhibiting rural-urban migration were initiated as a result of the 
hurricane, yet continued long after the crisis had passed. In line with the 
regime's populist face, Trujillo's praise chorus sought to make these policies 
appear to have broad social appeal. One writer made the following sup- 
plication: "Trujillo: the decent people of the country—rich, poor, whites 
and blacks— (decency doesn't recognize wealth or color) are avid for good 
government, and these decent people believe that you are prepared for it. 
Affirm this belief with real acts of government... Work, with a strong hand 
and with justice; weakness doesn't become us.”!8” 

Trujillo s populist political style finally did engender tension with the 
elite, which was not accustomed to the intimacy of his appeal to and con- 
tact with the masses. A good example of their unease were the complaints 
registered when, in the aftermath of the hurricane, Trujillo consented to 
meet the poor face-to-face in the National Palace; as a result, enormous 
queues of ragged campesinos with bare feet, straw hats, and machetes 
formed outside the building. This practice violated the rules of respectabil- 
ity as well as respeto. Critics charged that such matters were better resolved 
outside the palace doors, that "only in our country could a nobody get close 


na 


to the president" “as if he were mayor of a small town.”188 

The populist rhetoric that emerged during the early consolidation of the 
Trujillo regime was a contradictory blend of Arielista calls for messianic 
"renovation" and attacks on clusters of social privilege such as social elites, 


large landowners, and pretentious pseudo-aristocrats. Spiritual renewal 
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could only be achieved through waging war on the "blue-blooded minor- 


ities,’ "privileged castes,’ and, as we shall see, foreigners, who continued to 


monopolize national perks and prerogatives.!*? As one journalist remarked, 


And here is the black [negrito] Próspero Diprés, graduated from interna- 
tional schools, Calles, and the mulatto de Artuán, and there are a million 
more cases like these; that Trujillo and only Trujillo has put the Creole 
where he belongs, not by closing the door to the foreigner .. . but also not 
allowing Creole to be passed over when they have real knowledge . .. we 
must feel Creole, Dominican, and put our birthright first and... help the 
government improve the country.!?? 


Yet this movement was not to be led by the masses but rather by a lead- 
ership capable of guiding the country out of its state of decadence, medi- 
ocrity, and democracy.?! This was a moment when traditional frameworks 
were swept aside in favor of new solutions, which drew upon the contradic- 
tory languages of liberal reform, fascist revolution, and populism on the one 
hand, and Arielismo on the other. Certainly the crisis of liberalism was a 
global phenomenon, which resulted in the emergence of a range of new 
political phenomena worldwide, from fascism to socialism. Nonetheless 
each episode had a local component. By the 1920s, liberalism and multi- 
party democracy in the Dominican Republic had become associated with 
national fragmentation, U.S. intervention, and the Depression—and thus 
national humiliation and economic crisis. Trujillo stepped onto the politi- 
cal stage at a moment when a strong state seemed the sole means of right- 
ing a world turned upside down. Political parties had tried and failed. And 
liberal ideologues ultimately lacked confidence in the masses. Indeed, Tru- 
jillo's script as Machiavellian prince or Nietzschean superman had already 
been drafted, to be pastiched on the concept of a "tutelary state" formulated 
by the conservative liberal Américo Lugo. Later Trujillo would seek to 
emulate, if only superficially, the übernationalist style of Hitler and the 
Catholic hispanicism of the Spanish Falange. Demands for "spiritual reno- 
vation" were fulfilled through the reconstruction of the national crown 
jewel, the mirror of state which was named Ciudad Trujillo in 1936.1 
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THE MASTER OF CEREMONIES 


n 1955, a Free World's Fair of Peace and Confraternity was held in the 

capital to celebrate the twenty-fifth year of the Trujillo regime. A full year 
of trade fairs, exhibits, dances, and performances culminated in a "floral 
promenade" that showcased the dictator's daughter, sixteen-year-old María 
de los Angeles del Corazón de Jesás Trujillo Martínez, better known as 
Angelita, who was crowned queen during the central Carnival parade. One- 
third of the nation's annual budget was spent on this gala affair, a good 
portion of which was invested in Italian-designed Fontana gowns for chic 
Angelita and her entourage of 150 princesses. Queen Angelita's white silk 
satin gown was beyond fantasy proportions: it had a seventy-five-foot train 
and was decorated with 150 feet of snow-white Russian ermine—the skins 
of six hundred animals—as well as pearls, rubies, and diamonds. The total 
cost of the gown was $80,000, a modest fortune at the time. In full regalia, 
her costume replicated that of Queen Elizabeth I, replete with erect collar 
and a brooch and scepter that cost another $75,000.! 

For $1,000, two hairdressers were flown in from New York to set the 
royal coiffure. A full army of street sweepers scrubbed by hand the central 
malecón (boardwalk) of Ciudad Trujillo, where Angelita's float would pro- 
cess, to protect her majesty's white robe. Her entry was made on a mile of 
red carpet, in the company of hundreds of courtiers. A new western exten- 
sion ofthe city was even built for the fair and became municipal office space 
after the event. This national extravaganza surpassed all other events of the 
regime in its excesses of magisterial pomp and spending. The fair framed 
the dictator's daughter as "a charismatic center" of national value and the 
numinous totem of the regime, the nation, and even the "free" world (as the 
name of the fair ironically announced)? 

As the symbolic climax of the "Year of the Benefactor" dedicated to 
Trujillo, the fair was intended to highlight the achievements of the regime 
by placing them on display. And in this nationalist mythology, signs of 
progress equaled the regime, which equaled the man himself. According to 
Trujillo, the Free World's Fair of Peace and Confraternity was 
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9. Angelita at la Feria. ARCHIVO GENERAL DE LA NACIÓN, SANTO DOMINGO. 


the patriotic achievement of the Era which national gratitude has bap- 
tized with my name. There it is, objectively materialized in each one of 
the exhibitions of this Fair, the period that I have presided over and that I 
offer today, at the end of twenty-five years, to the judgment of the people 
who entrusted their destiny to me in 1930 in a gesture of deep faith in my 
patriotism and in my acts, that rewards my long vigils and my fever for 
work during these twenty-five years in which was forged this prodigious 
reality. That work is my only crown and with it I submit myself today to 
history? 


The World's Fair (la Feria), however, was convened not merely to repre- 
sent the "prodigious reality" of Trujillo's rule. Filtered through Angelita's 
aura of perfection, it was a particularly grandiloquent manifestation of the 
larger-than-life ceremonial regime that was the Era of Trujillo. On the cusp 
of an epoch in which nations were judged by their ability to represent their 
virtues at trade exhibits and world's fairs,* la Feria was proof that a man with 
a big vision could make even a small country look great. But why did the fig- 
ure ofthe dictator not stand in for the regime? Why was the dictator's daugh- 
ter selected as its emblem and the chosen medium for its consecration? 
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In this chapter I explore the representation of women in official specta- 
cles during the Trujillo regime. Like Marie Antoinette, Trujillo had many 
bodies, which were variously represented through the women of the re- 
gime? Feminine imagery functioned as a foil for the dictator’s multiple 
masculine identities; each female relationship revealed a different facet of 
his power. One could say that the display of women was a means of ac- 
cumulation in Trujillo's drive for symbolic capital, although one that had to 
be constantly renewed.* Trujillo drew upon a traditional genre of mas- 
culinity in which his self-aggrandizement was based on the sheer number of 
women, particularly those of high social status, he could lay claim to— 
those who highlighted his prowess as lover, father, and husband, as well as 
defender of his extended family. As Roger Lancaster has described it, “ma- 
chismo produces values and circulates values: the value of men and women. 
What is ultimately produced . . . is one’s social standing.” 

Trujillo was the quintessential Latin American big man whose authority 
was based on dramatic acts that drew loyal followers.? As elsewhere in Latin 
America, the good macho expresses the values of activity, dominance, and 
violence, with metaphorical consumption through the possession of both 
clients and women.” Yet Trujillo's power and charisma were based on the 
consumption of women (and their status) through sexual conquest as well as 
the domination of enemies of state, and on the near mythological fear and 
resultant aura he acquired through eliminating men. Whereas Trujillo's 
insatiable sexual cupidity brought ignominy, it also brought respect and was 
a key element in his legitimacy as a caudillo-turned-statesman, respeto 
being a term which conjoins masculinity, authority, and legitimacy.!? Thus, 
in these narratives of sexual conquest, gender served as an allegory of class 
and race. 


THE DICTATOR'S FEMALE BODIES 


Scholars exploring the issue of gender representation and politics have 
focused on the identity of first ladies, female regents, and queens, par- 
ticularly on how they often become magnets for negative commentary and 
abuse. In an apparently transnational and transhistorical paradigm, public 
women from countries as diverse as Argentina (Eva Perón) and Nigeria 
(Maryam Babangida), and in periods stretching from ancien régime France 
(Marie Antoinette) to Cold War United States (Nancy Reagan), have borne 
the brunt of popular disaffection for their husbands. This recurrent nega- 
tive imagery has been explained in several ways. Historians have argued 
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that the transfer of political life out of regal households and courts, with the 
growing divergence of public and private domains, banished women from 
politics. Women then became the focus of loathing and resentment when 
they ventured onto terrain that was no longer their own.!! By contrast, Julie 
Taylor, in her gendered model of power ideologies, has taken an alternative 
culturalist approach.!? She seeks to explain the cross-cultural bifurcation of 
power whereby men inhabit the controlled, ordered, and hierarchical do- 
main, while their female counterparts embody the uncontained, danger- 
ously capricious spiritual power of the feminine. This paradigm stresses the 
complementarity of feminine and masculine powers and is in line with 
other theories that explain dualistic gender ideologies in terms of con- 
structions of nature and culture, or power and authority.!? Taylor demon- 
strates how this imagery developed into the middle-class myth of Evita as 
malevolent witch, harboring a deep and secret communion with the irra- 
tional masses. 

The Trujillo regime did not fit either of these paradigms. The prevalence 
of feminine iconography did not engender popular loathing of women in 
the public sphere or an obsessive concern with the sexual exploits of las 
Trujillo. Rather, stories of hyperactive sexual antics were a stock feature of 
popular mythmaking concerning all of the Trujillo family, primarily the 
men but also the women. Even today, books charting the lascivious exploits 
of Trujillo and his inner court are one of the most popular forms of litera- 
ture about the regime.'* In perhaps the most dramatic example, the noto- 
rious Trujillista stud Porfirio Rubirosa (see chapter 5) was widely rumored 
not only to have an exorbitant sexual apparatus but to suffer from a perma- 
nent erection, which was "confirmed" by the fact that he never sired chil- 
dren despite his prodigious promiscuity.!? Stories also abound of Trujillo's 
abduction of virginal girls during his provincial travels and of beautiful 
victims spied and romanced during official balls and functions. Indeed, to 
be chosen as an object of Trujillo's desire elicited a certain forbidden pride 
as well as fear, even among the sheltered but rebellious adolescent daugh- 
ters of the elite, who sneaked off to official functions. As a result, parents 
went to great lengths to prevent their daughters from being noticed by the 
dictator, since refusing his attentions carried a high price and could even 
cost a girl's father his job.!6 

Nor was power in the Dominican popular imagination configured in the 
binary conjugal fashion elaborated by Taylor. Indeed, Trujillo's wives played 
little or no role in either state iconography or popular mythmaking. His 
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severallegal consorts were dowdy and unassuming, taking little or no public 
role in regime affairs. His first wife, Aminta Ledesma, was of simple peasant 
stock from Tryjillo's provincial hometown; he divorced her to marry “a more 
socially suitable wife;' Bienvenida Ricardo, a "poor blueblood" from a provin- 
cial aristocratic family." Although the Dominican Party established a wom- 
en's branch in 1940, the first lady did not actively participate, outside of an 
occasional cameo appearance as hostess for party parties—the teas, recep- 
tions, cocktails, and balls that were frequently held in her honor.!? Doña 
María Martínez, Trujillo's third wife, the daughter of Spanish immigrants, 
was guarded and reclusive, keeping to a tiny coterie of confidants and 
insiders. She focused her attention on raising the children and on business 
affairs; she was less interested in her public profile than in concrete material 
returns for her efforts. In fact, during her tenure as first lady, Doña María 
succeeded in amassing one ofthe largest personal fortunes ofthe era, in part 
because her ghostwritten publications were required reading in public 
schools. Toward the end of the regime, when she began to take an active 
interest in urban planning and architectural affairs, she did so entirely 
behind the scenes. In imitation of Evita Perón, whose persona was based on 
her Social Welfare Foundation and its activities, Doña María commenced a 
similar organization after 1953. However, she never cultivated an active 
maternal caregiving role, the hands-on, direct line to the masses that was the 
basis of Evita's charisma in Argentina. Rather, her reputation was one of cool 
reserve and sporadic outbursts of impetuous ire that some allege was due to 
rancor stemming from her earlier social exclusion as Trujillo's mistress.? 
Dofia María's most significant venture into the public sphere was as author 
of an etiquette booklet entitled Moral Meditations, a chiding, schoolmarm- 
ish mixture of popular philosophy and manners for Dominican mothers. 
The book disappeared without a ripple.? 

The Trujillo regime stands out because the dictator's wife did not take 
center stage in regime iconography. Nor did iconography feature the bino- 
mial couple, offset by increased subsurface transport. Ignoring this tradeoff 
overstates the effectiveness of these practices in reducing nutrient delivery 
to waterways. 

Crop rotations are adopted with profits in mind, but are also often designed to 
control erosion, manage disease, and enhance soil productivity. These rotations 
are designed to limit soil exposure to erosive forces and reduce the need for 
inputs, including fertilizer. Reducing fertilizer applications by including legumes 
that fix nitrogen and crops that require lesser amounts of nutrients can reduce the 
nutrients available to leave cropland. Incorporating cover crops into a rotation 
protects the soil. Cover crops take up and hold nutrients on site for use by the 
primary crop, add carbon to the soil, and promote soil health. 

Nutrient management systems are effective in limiting the amount of nutrients 
available to be transported offsite. Well-designed systems apply the proper 
amount of each nutrient, accounting for all sources available to the crop, 
including residue in the soil, deposited from the atmosphere, and in applications 
of fertilizer and manure. These systems apply the proper fertilizer at the time best 
suited for plant growth, in the manner that supplies the nutrients to the plant with 
the least exposure to being transport off-field (Natural Resources Conservation 
Service, 2020b). Similarly, the volatilization of nitrogen applied as fertilizer can 
be reduced with the adoption of sound fertilizer management practices. 

Grass filters and riparian forest buffers are conservation practices that can 
intercept sediment, nutrients attached to the sediment, and nutrients in runoff 
before they reach waterways. The effectiveness of buffers is a function of their 
width, supporting upland conservation practices, and the buffer vegetation. When 
buffers are appropriately designed and installed to handle surface runoff, they are 
effective in greatly reducing the sediment and nutrients reaching waterways 
(Kleinman ef al., 2018). Buffers can be also effective in reducing the nutrients 
flowing into the stream from subsurface water flow if the flow comes in contact 
with the vegetation in the root zone of the buffer. Buffers that are not sufficiently 
wide to handle expected runoff, are bisected by concentrated flow, or have 
inadequate vegetative cover may somewhat reduce the sediment and nutrients 
reaching the waterway, but will not be effective in protecting the waterway 
(Kleinman et al., 2018; Wallace et al., 2018). If the subsurface flow does not 
come in contact with the root zone, no or little plant uptake will occur and 
nutrients will pass under the buffer unimpeded into the waterway (Brooks & 
Jaynes, 2017). 

Drainage systems accelerate soil drainage and move water more rapidly into 
waterways. The more rapid soil drainage removes water from macropores, which 
in turn increases infiltration during and immediately after rainfall. The increased 
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infiltration reduces runoff and the associated erosion but increases the water 
transport of nutrients within the soil. Drainage systems move these nutrients 
directly to waterways bypassing soil processes and conservation measures such as 
buffers that could retain or transform the nutrients. Drainage systems contribute 
to higher levels of nitrogen and phosphorus being delivered to waterways 
fertilizing aquatic plants, and leading to eutrophication. When increased aquatic 
vegetation dies, the microbes that decompose the plant material lower oxygen 
levels in the water column. The consequence is hypoxia. 

For cropland with tile drainage systems, the buffers discussed typically provide 
a smaller reduction in nutrient and sediment delivery. This is because with 
increased infiltration, there is less runoff for the buffer to intercept. On the 
other hand and more importantly, the drainage system bypasses the buffer to 
deliver soluble nutrients directly into the waterway. A recently developed 
conservation system, saturated buffers on tile drainage systems, increases the 
effectiveness of buffers in reducing nutrient delivery to waterways. A saturated 
buffer system spreads water along the length of the buffer using perforated 
pipes (Figure 6.6). The water then passes through the root zone of the buffer 
allowing the vegetation to take up the nutrients and denitrification to occur. 
Saturated buffers are not suitable for all locations because they require soils 
with a sufficient carbon content (>1.5%), a soil horizon where the water level 
can be raised to pass through the root zone, and a landscape where the 
neighboring land will not be inundated. When properly sited, saturated buffers 
promote denitrification and can remove 40-60% of the nitrate in tile drainage 
water (Brooks & Jaynes, 2017). 

Bioreactors also reduce nitrate nitrogen in drainage water (Greenan et al., 
2009; Woli et al., 2010; Christianson et al., 2012; Rosen & Christianson, 2017). 
The drainage water is directed through the bioreactor, an underground structure 
containing a source of carbon such as wood chips. As with saturated buffers, 
anerobic conditions are created for efficient denitrification. Bioreactors are useful 
on sites where saturated buffers are not feasible because they do not require a 
buffer, they provide their own carbon source, they can be used in soils with a low 
soil carbon content, and they are not susceptible to flooding neighboring land. 

Constructed and restored wetlands can increase denitrification and its efficiency 
(that is the proportion of N20 released as a byproduct) with the adoption and 
appropriate siting of conservation practices. By creating the conditions for 
efficient denitrification, constructed wetlands that have well-established wetland 
vegetation to receive nitrate rich water can reduce nitrogen (in the form of 
nitrates) up to 1,570 kg for each hectare (1,400 pounds per acre) of wetland 
(Hyberg et al., 2015). Typically, these wetlands are sited to receive agricultural 
drainage water. Similarly, well-designed and sited saturated buffers, restored 
wetlands, and bioreactors can reduce nitrate nitrogen in the water leaving farmland. 

Rarely does a successful plan include only single practice. A site-specific system 
of production and conservation practices designed to address farm profitability, soil 
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Figure 6.6 (a) Buffer bisected by a tile drain, (b) saturated buffer system, and 
(c) bioreactor. 
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erosion and health, and offsite movement of sediment and nutrients is the most 
effective way to balance these objectives. The guidance of a trained professional 
familiar with both crop production and conservation is important in developing a 
sound plan. 


6.3 AIR QUALITY 


Air quality is not spared by imbalances of carbon, nitrogen, and phosphorus. 
Imbalances manifest themselves in three general ways: increased dust in the air, 
increased particulate levels in the air that can damage the lungs, and production 
of noxious compounds that affect smell or human welfare. As explained in the 
discussion of wind erosion, soils that lack sufficient organic matter to bind soils 
into larger aggregate particles are vulnerable to water and wind erosion. In the 
United States 29.8 million hectares (73.6 million acres) of land have been 
identified as vulnerable to wind erosion (U.S. Agricultural Research Service, 2020). 

Perhaps the best-known incidence of wind erosion is the Dust Bowl from the 
1930s in the American Midwest. The ‘black blizzards’ made life intolerable for 
millions of Americans, spurred a mass migration, and destroyed millions of acres 
of wildlife habitat and cropland (Figure 6.7). 

The second way in which a carbon—nitrogen—phosphorus imbalance affects air 
quality is through the production of air particulates. Fertilizer applications and 
manure emissions originating from intensive livestock operations emit volatile 
forms of rN. Ammonia and NOx (which results from the burning of biomass) 


Figure 6.7 Dust Bowl in USA Great Plains in the 1930s. Source: Wikicommons 
(USDA Soil Conservation Service). 
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Figure 6.8 Areas with elevated ammonia concentrations Source: Wikicommons 
(NASA). 


create inorganic aerosols, generally ammonia-containing compounds. The small 
particulates (referred to as particulate matter (PM) 2.5 whereby the units are 
microns) are a major health concern in the United States, Europe, and the rest of 
the world (Bauer et al., 2016). Figure 6.8 shows the areas of the United States 
with elevated ammonia concentrations in the air. These occur largely in the 
agricultural Midwest and MidAtlantic states where much of the pork and poultry 
are produced. 

We all have passed by intensive livestock operations, such as a large hog, 
chicken, or dairy farm. The odor we smelled was most likely ammonia and 
hydrogen sulfide, another breakdown product of protein from dead organisms and 
waste. The odors emanate from the operations themselves where many animals 
are produced in a confined space generating large amounts of animal waste and 
from the fields where the manure has been applied. Not only is the odor 
unpleasant, but elevated concentrations of it are also a threat to human health. As 
a final insult, the odors can reduce the value of property downwind imposing an 
additional economic cost. 


6.3.1 Climate impacts 


Disturbing the balance between carbon, nitrogen, and phosphorus pools can have 
impacts that are both lagged and long-lasting. Increased atmospheric emissions of 
the greenhouse gas components of the cycles lead to their steadily increasing 
concentrations in the atmosphere. In other words, there are shifts in mass of 
carbon and nitrogen from the soil or other long-term storage pools to the 
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atmospheric pool. This steady increase is small on an annual basis, but because their 
residence time (the amount of time that it takes for these molecules to transform into 
compounds that either return to the terrestrial pool or shift to long-term storage) can 
extend into hundreds of years, their concentrations can grow. The impact can last for 
a very long time. 

As evident from earlier discussions, the shifts in mass from long-term storage to 
the atmospheric pool are primarily the consequence of mining, fossil fuel drilling, 
and chemical conversion (N, to nitrate). However, a portion of the shift to the 
atmospheric pool is also the result of modifying the natural landscape that 
reduces the conversion of bioavailable and reactive material into long-term 
storage. Figure 6.9 shows the historical trends of atmospheric concentrations of 
CO2, N20, CHy, as well as CFCs. [Chlorofluorocarbons (CFCs) are synthetic 
chemicals used as refrigerants, cleaning solvents, and blowing agents.] Global 
efforts have succeeded in reducing the emissions of CFCs in recent years. As is 
obvious from the other three graphs, we have had little success with carbon 
and nitrogen. 

Anthropogenic carbon enters the atmospheric pool as carbon dioxide where it 
acts as a greenhouse gas, and as methane, another greenhouse gas. Anthropogenic 
nitrogen enters the atmosphere primarily as nitrous oxide but also as ammonia. 
Ammonia, with a very short lifespan in the atmosphere, is not considered a 
greenhouse gas. The carbon dioxide comes primarily from combustion of 
carbon-containing products, such as fossil fuels, or from the breakdown of the 
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Figure 6.9 NOAA Global Monitoring Laboratory (2020). 
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organic component of soils. The additional methane comes largely from the fossil 
fuel industry and leakage from natural gas transport. It also comes from livestock 
operations and from fields flooded for rice production. Incomplete conversion of 
nitrate or ammonia to Nz through microbial action and volatilization of fertilizer 
can lead to the production of nitrous oxide, a powerful greenhouse gas. This 
phenomenon occurs in both soils and in nutrient-enriched wetlands, estuaries, 
lakes, ponds, and other similar waterbodies where water flow is impeded and rN 
can concentrate. What percent of total rN applied as fertilizer eventually converts 
to N20 is unclear, but is often estimated to be around 4% (Xiao et al., 2019). 
Some thirty million tons of N20 enter the atmosphere each year, of which about 
36% is the direct result of human activity (U.S. Environmental Protection 
Agency, 2010). This estimate is in dispute because a growing amount in recent 
decades derives from melting permafrost soils of the arctic boreal regions. Some 
argue that any nitrous oxide emissions resulting from human-induced warming of 
these regions, i.e. climate change, should also be attributed to human activity 
(McDermott-Murphy 2019). 

Because rN is a serial offender, nitrous oxide derives not just from a number of 
pools, but also from a number of other impacts. Oceanic and estuarine dead zones 
are also sources of nitrous oxide emissions, as are reservoirs behind dams. 
Ironically, a dam which is intended to serve to reduce the use of fossil fuels and 
hence the generation of greenhouse gas emissions instead can become a major 
source of greenhouse gas emissions, that is, nitrous oxide, because of the 
concentration of nitrates and ammonia in the slow-moving waters behind the 
dam. This should remind the reader that even what seems to be the best solution 
to a problem needs to be thoroughly examined to avoid unintended consequences. 

Phosphorus exists as a liquid or solid at normal environmental temperatures. 
Hence, of the three ingredients of life, only phosphorus does not also have a 
gaseous form and thus contribute to the atmospheric pool. 


6.4 SUMMARY 


We humans have changed our world to exploit the benefits of its natural resources. 
We have changed the flow the streams and rivers and our technological innovations 
have altered carbon—nitrogen—phosphorus cycling. The consequence has been that 
the mass in long-term storage pools has become available for human use in 
terrestrial pools. What was once scarce has become readily bioavailable. 

We accrued the benefits upfront. The costs have been often delayed or 
unexpected. Neglecting to consider where water goes and the consequences of 
expanding the bioavailable pools of carbon, nitrogen, and phosphorus have led to 
sticky problems. The result of this neglect is increasing damages from flooding, 
polluted air and water, ocean dead zones, the slow and steady rise in atmospheric 
greenhouse gases, and falling pH levels of the oceans. Dealing with these issues 
poses significant, hard-to-resolve challenges. 
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Our intent in describing these impacts is not to depress the reader into inaction. 
Rather it is to make you aware of the potential consequences of ignoring the 
principles that everything goes somewhere, gravity works, and natural systems 
will follow their rules to reestablish balance. Taking account of these principles 
can help you make better decisions in examining measures for action as well as 
evaluating the decisions of others. We all want to avoid avoidable mistakes. 

It is difficult if not impossible for any one of us alone to solve the regional 
environmental and natural resource problems, let alone the world’s problems, that 
confront us. But we can make local problems that we see around us better and 
avoid contributing to future problems in our immediate environment. These tools 
should help. In any case, you should have a better understanding of the 
consequences of ignoring nature and its laws. 

In the next chapter we present examples of how not thinking out the implications 
of actions have led to undesired consequences. We help the reader identify what 
could have been done differently to have produced better outcomes. 


Chapter 7 


Putting it all together: 
case studies 


There was an old lady who swallowed a fly 
I don’t know why she swallowed a fly — Perhaps she’ll 
die! There was an old lady who swallowed a spider; 
That wriggled and jiggled and tickled inside her! 
She swallowed the spider to catch the fly..... 
—Rose Bonne, 1961 


The old lady of the nursery rhyme mistakenly swallows a fly and then eats a series of 
ever larger animals (spider, bird, cat, dog...) to ‘solve’ the problem of having eaten 
the fly. Sometimes environmental management can seem to follow the same 
strategy. The problem to be addressed often results from actions taken in the past. 
The potential solutions to that problem need to be carefully analyzed to avoid 
creating a new problem that needs to be solved. To be fair, greater understanding 
of how natural systems function has identified some of the problems generated by 
previous solutions. But in a number of cases these might have been avoided had 
our basic principles been were followed — gravity works, everything goes 
somewhere, cycles balance. [Disturb at your own risk!] 

So far, we have looked at and brushed up a few basic concepts you already knew, 
discussed cycles important for understanding environmental concerns, examined 
natural and human change within our world and the impacts of that change, and 
introduced a few tools that can be used to help account for human activity. We 
now present case studies whereby you can begin to test where well-intended 
actions to solve problems have gone awry. In other words, the action resulted in 
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undesired environmental outcomes or the decline in the quality of the natural 
resource. These case studies illustrate what happens when the basic concepts 
which we introduced to you at the beginning of this book are neglected. In every 
case, human modifications caused disruption of the natural system, the 
consequences of which could have been anticipated. We encourage you to 
consider what individual and collective actions (public policies) can be taken to 
correct for these mistakes. We touch upon this subject in the next chapter. 

First, we want to introduce you to the concept, important for the management of 
natural resources, of what is referred to in the scientific literature as ‘the Commons.’ 
The idea relates to the science to which we have introduced you and to the 
circumstances in which we, as one of many sharing the planet with our fellow 
humans, plants, and animals, live. 


7.1 THE COMMONS 


The Commons is a resource that we share and upon which we depend for 
sustenance, recreation, health, and more. It is a resource that is shared because its 
use cannot be appropriated by any single individual or entity. When individual 
users of the shared resource, acting in their own self-interest, deplete or cause a 
diminution of the quality of the resource, all users suffer, we have what is known 
as the “Tragedy of the Commons,’ a term coined by Garrett Hardin (1868). 
Common resources are not controlled by any party, so no entity has a vested 
economic interest in investing capital and labor into protecting and managing the 
resource because the returns from their investment will be consumed by others. 
Most environmental and natural resource problems, including those sticky ones 
discussed in this book, are often referred to as ‘Commons’ problems. 

For the purpose of explanation, the Commons is often presented as a place, such 
as a forest, grasslands, or fishery, that is used by diverse woodsmen, shepherds, or 
fishermen. Overexploitation by one entity, or more often many entities, affects the 
health and productivity of the resource for all — hence the tragedy of misuse, 
resulting from pursuit of self-interest. More recent thinking extends this concept 
to resources such as air, which we share globally, or water bodies that many 
individuals or communities use. These resources are something that we can 
visualize, touch, or measure. 

We generally do not think of a physical or chemical state as a common resource, 
but all life depends on and benefits from maintaining the balancing among 
carbon, nitrogen, and phosphorus pools. Maintaining the balance between the 
carbon in the atmospheric pool (as the gas carbon dioxide) and the terrestrial pool 
of chemically complex carbon-containing compounds, whether it is held as a 
mineral, sequestered in soils, or stored deep in the earth as deposits of fossil 
fuels, stabilizes multiple chemical cycles. Similarly, a balanced pool of reactive 
nitrogen benefits higher organisms, including humans. Excess availability of rN 
would play to the advantage of single-celled organisms. A similar relationship 
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exists with phosphorus pools. And the availability and abundance of water in its 
non-saline (salty or briny) fluid form determines the productivity of our terrestrial 
world. Our species depends upon the balancing of these critical elements of the 
biosystem. This is balancing that occurs within chemical species and across 
chemical species. Hence, like the shared grassland, the balancing of these 
elements of life is in our ‘common’ interest. Situations where individual 
self-interest lead to the Tragedies of the Commons include exploitation of the 
carbon pool stored as fossil fuels and its conversion into carbon dioxide, a 
greenhouse gas; creating new reactive nitrogen from inert reserves in the 
atmosphere and releasing it in its myriad forms across air and water pools; 
mining phosphorus in its form as phosphate from mineral reserves and making it 
bioavailable where it would naturally not be; and altering the natural flow of 
water to the detriment of ecosystems. Each of these examples moves a mass of an 
element (or in the case of water, a molecule) from one pool to another, creating 
an imbalance in one chemical species and often disturbing the balance of the 
other chemical elements of life. 

The environmental and natural resource problems discussed in this book are 
associated with modern technologies that have made what was once scarce 
plentiful. The opening of our modern Pandora’s Box is the actions of individuals 
working in their own self-interest producing outcomes that have had tremendous 
public benefit, but detrimental side effects. These negative consequences are 
shared by all, yet no one individual or collection of individuals wishes to bear the 
burden of the cost of mitigation or forbearance necessary to restore balance. This 
is a critical barrier to solving the problem of the ‘the Commons’ and thus it 
impedes resolution of the tragedy. 


7.2 CASE STUDIES 


To this point we have been pushing you to build upon what you already know and 
the skills you have learned at an early age. You should be able to use your 
knowledge to track the consequences of changes on the land. We encourage you 
to ask questions when observations deviate from the predicted outcomes. These 
consequences we have discussed include the effects from changing the mass of 
carbon, reactive nitrogen, and bioavailable phosphorus (and their forms) in one 
pool and shifting it to another, the impacts of modifying how water moves across 
the land, and the effects of these changes on downstream systems. We have been 
preparing you to recognize the strengths and weaknesses of proposed 
management options and identify those proposals that are either incomplete or 
poorly conceived and need further examination to avoid unintended 
consequences before proceeding to action. 

In the following case studies you can begin to review cases where collective 
action has gone awry resulting in undesired environmental results diminishing 
natural resource quality. We hope that these examples will help prepare you to 
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be able to anticipate problems that can arise and learn to how to avoid similar 
outcomes. We also hope that after working through these cases you will feel 
confident that you already have a solid base to build on as you continue your 
education. 


7.2.1 Some background 


In our discussion of ‘the Commons,’ we explained how many small individual 
actions can sum to a large impact that degrades the quality of natural resources. 
What follows is an actual illustration of the concept. This foreword will help 
illuminate the subsequent case studies. 

In 1862 in the United States, the Homestead and the Pacific Railroad Acts became 
law. The Homestead Act permitted any adult to claim 65 hectares (160 acres) of land 
by improving the tract by growing a crop and building a home. This act along 
with several other later Homestead Acts transferred over 65 million hectares (160 
million acres) of federally owned land to private landowners. The Pacific 
Railroad Act and subsequent legislation were adopted to construct a continuous 
railroad line between the Mississippi River and the Pacific Ocean. These acts 
conveyed over 70 million hectares (175 million acres) of public land to railroads. 
Much of this land was sold to settlers to fund the construction. The settlers, each 
acting independently, converted grasslands, wetlands, rangelands, and forests into 
cropland. Each farm by itself had a minimal impact on the environment. In the 
aggregate, however, these conversions dramatically altered the ecosystem of the 
Midwestern United States. The extent of the change is reflected by the fact that 
less than 1% of the tall-grass, 30% of the mixed-grass, and 75% of the short-grass 
prairie remain (Knopf & Sampson, 1996, National Park Service, 2020a, b). 

The consequences of this conversion are numerous. It altered the hydrology 
by changing the soil infiltration capacity, the characteristics involving 
evapotranspiration, and in many cases how much and how fast water drains. 
Cultivation (tilling) exposed the soils to water and wind erosion. This in turn 
increased sediment delivery along with attached nutrients to streams, rivers, and 
lakes. It also exposed soil carbon to air, leading to its oxidation and the depletion 
of soil organic matter. Hence, carbon that once was confined to the longer-term 
storage pool of soils was released as CO, into the atmosphere (the atmospheric 
pool). The draining of wetlands decreased the capacity of the land both to retain 
water after storms and to convert rN back to its inert form. All of these changes 
to the hydrology increased peak river and stream flows. Nutrients that would 
have otherwise remained in the soil profile were discharged into waterways 
where even now they make their way down the Mississippi River to the Gulf of 
Mexico adding to one of the largest hypoxic zones in the world and thwarting 
contemporary efforts at mitigation. And over time as fertilizer and other 
agricultural chemicals came into use, the hundreds of millions of acres of 
cropland became a nonpoint source of pollution for the United States waterways. 
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Each of these changes has wide-ranging impacts on natural resources and the 
environment. We will subsequently explore a few in the case studies. 

One increasingly important consequence is the decline of habitat quality for 
native flora and fauna. We note this impact, but because the discussion falls 
outside of our examination of environmental management, we provide references 
for further inquiry. With the loss of the flora came the disappearance or major 
population declines of many of the native animal species. We will not be 
studying these impacts within this text, but will note them in several case studies. 


7.2.2 Case study 1 — the Great Flood of 1993: gravity 
matters and water goes somewhere 


The Great Flood of 1993 inundated millions of acres of agricultural land in the 
midwestern region of the United States, causing $26.6 billion in damage to 
urban areas. It was the costliest flood in the history of the United States history 
up to that year. Some 78,000 square kilometers (30,000 square miles) were 
flooded, 830,000 square kilometers (320,000 square miles) were affected, and 
50.000 homes were destroyed. Nature set the table by providing storms during 
the late spring and summer that pounded the Upper Midwest with seemingly 
unceasing rainfall. Rainfall was 400-750% above normal in some areas of 
the northern-central plains. Parts of east-central Iowa received about 48 inches 
(120 cm) of rain between early spring and late summer (Interagency Floodplain 
Management Review Committee, 1994; Larson, 1996; National Space and 
Atmospheric Administration, Earth Observatory, 2005). 

For an event this large extensive flooding was inevitable, significant damages 
would have occurred no matter what, but human actions greatly increased the 
amount of damage. Perhaps the most consequential was the placing of homes, 
high-valued buildings, businesses, and infrastructure on land that was within the 
floodplain. A flood plain clearly outlined by the 1927 flood. The management 
strategy of constructing levees to protect these manmade structures created a false 
sense of security that encouraged additional construction in the floodplain. All of 
this assured catastrophic damage when a major flood eventually did happen. 

Drainage systems installed by farmers quickly removed the waters from their 
fields. This water had to go somewhere. Satellite images of the region taken over 
a period of weeks after the downpours show where it went. The pictures show 
inundated cropland over a very wide area during the early days of the flood. 
Subsequent images in the days that followed tracked the floodwaters to the 
confines of the tributaries and the mainstem river floodplains. The water had to 
go somewhere. It flowed into already swollen floodplains and downstream areas, 
exacerbating the flooding. Remember that although only a portion of the basin 
experienced rainfall amounts exceeding a hundred-year event, all the rain that fell 
on land within the greater watershed eventually made its way into the mainstem 
of the Mississippi River. 
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Levees increased the damage. These levees (particularly agricultural levees) 
that had been constructed along tributary rivers and the mainstem far from cities 
prevented the waters from going onto floodplains. The water had to go 
somewhere, so it continued downstream where it was squeezed higher and higher 
by the levee systems. Eventually more water was forced between the levees than 
they could handle and it rose to the level where it overtopped and, in some cases, 
breached them. The system designed to mitigate major damage to public health 
and welfare was overwhelmed. So even though decades before, the 1927 flood 
demonstrated the futility containing flood waters within a levee system during a 
major flood event, the lessons had not been learned. Constraining floodwaters 
resulted in waters rising ever higher. When the area between the levees filled, the 
remaining water had to go somewhere. High volumes of floodwater and gravity 
returned the water to where it wanted to go. The result? Towns and cities in the 
floodplain flooded. 

An analysis of the flood found that a landscape modified by cropland drainage 
systems had altered the hydrology of the Mississippi River basin (MRB) 
(Interagency Floodplain Management Review Committee, 1994). Draining 
wetlands and converting natural vegetative covers to agricultural crops greatly 
reduced the capacity of the upland portions of the basin to slow, store, and 
gradually release water. These modifications increased an already large volume of 
water, which would normally have traveled more slowly from upland to 
downstream areas, raising the water level along the mainstem, reinforcing the 
effect of the levees. The result of the more rapid downstream movement of the 
flood waters and the constriction of the water within the levee system had 
calamitous consequences. 

What do our principles say to do? Gravity and water will have their way. One 
cannot predict at any one time the magnitude of rain events, but one can estimate 
their probabilities and plan accordingly. Common sense also plays an important 
role. Given that a major flood had taken place 67 years before, observing its 
impacts would provide a guide for future events. Environmental managers would 
be wise to plan for providing a system to estimate the volumes of water that will 
result from a major precipitation event. The system should have the capacity to 
handle that flow volume safely. Levees can have a role in protecting population 
centers and high-valued infrastructure, but over reliance on levees to protect all 
activity within floodplains can overload the capacity of a river system to handle 
major floods. In the design of this system, managers need to take into account the 
landscape modifications that have taken place that reduce storage volume. To do 
otherwise is to tempt fate and the probability of highly costly damages. 


7.2.2.1 Take home lesson 


The human actions that made the Mississippi Flood of 1993 as severe as it was were 
cumulative and over a century in the making. Draining large areas of wetland and 
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accelerating drainage from cropland both contributed to raising peak flows by 
delivering water more quickly into the Mississippi River and its tributaries. 
Flooding is a function of volume of water and timing; the latter is determined in 
part by how fast the water moves downstream. Soil and land attributes affect the 
timing. Volume is affected not just by the intensity of the rainfall events but also 
vegetation and hence the rate and volume of evapotranspiration. Levees can 
protect areas from flooding during small and moderate events, but can lead to 
disasters during major floods. Separating the floodplain from the river with levees 
increased the water velocity and further increased peak flows. The higher velocity 
and water level increased the force the river was able to exert against levees 
and increased the likelihood the levees would either be overtopped or breached. 
The modification of the vegetative cover served to reduce the water holding 
capacity of the soil which in turn increased surface runoff and the peak flows. 
Planning for the purpose of mitigating flood damages should therefore address 
what is grown upstream and when, land attributes that can change the movement 
downstream (including surface and tile drainage systems), and access or 
connectivity of rivers to their floodplains. Not situating vulnerable buildings and 
infrastructure within the floodplain can also reduce damages. Environmental 
managers will spend much time and effort working to ameliorate changes within 
landscape, redesigning drainage systems, restoring and constructing wetlands, 
and reconsidering floodplain management for the Mississippi River and its 
tributaries. 


7.2.3 Case study 2 — watershed management: Crabtree 
Creek Raleigh, NC 


Crabtree Creek watershed encompasses some 142 square miles in the state of North 
Carolina, USA. The upper third of the watershed has broad expanses of gently 
rolling upland with wide flat floodplains; the lower two-thirds of the area are 
gently rolling to rolling upland, with steep breaks adjacent to streams and 
irregular width floodplains. In 1964, cropland represented 14% of the land area, 
14% was urban, woodlands covered 60%, and 3% were devoted to pasture and 
hay. The headwaters of the watershed experienced flooding two or three times a 
year with at least one flood occurring during the growing season (Neuse River 
Soil and Water Conservation District, 1964). 

Flooding in the Crabtree River valley is a natural occurrence reflecting variability 
in rainfall patterns, with the additional volumes of water spilling out onto 
floodplains and into wetlands. Flood damages, on the other hand, result from 
humans putting structures where floodwaters normally would go or conducting 
activities in areas inconsistent with the likelihood of inundation or high waters. 
Growing crops that cannot tolerate even short periods of wetness is an example. 

What has happened in the watershed since 1964 reflects ever greater use of the 
land in ways that put human health and welfare at risk from flooding. Population 
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in Raleigh has grown by over 290% (World Population Review, 2020). Land area 
available for temporary water storage has commensurately declined. Floods 
causing significant damage have occurred during a major precipitation event in 
June 1973, Hurricanes Fran (September 1996), Dennis, Floyd, and Irene 
(September—October 1999), Matthew (October 2016), Florence (September 
2018), and tropical storm Alberto (June 2006) (Bales et al., 2000). However, it 
does not take a major storm for Crabtree Creek to flood. In fact, since 1970 
Crabtree Creek has flooded frequently from less-intense rain events, with 
substantial economic impacts. The severity of the damages has been exacerbated 
by development within the floodplain and the watershed. 

Population growth and the associated increase in infrastructure contributed to 
these damages, but two basic mistakes greatly exacerbated the damages: 
inaccurate population projections and development within the floodplain. The 
first mistake was with projections for growth in the watershed. Actual population 
growth far exceeded the projections used by the planning assessments developed 
in the 1960s, leading to the risk of flood impacts being underestimated. The 
underestimated population is puzzling. The Environmental Impact Statement 
(EIS) for the Crabtree Valley estimated population growth to be 114% over 50 
years, a rate that was less than half the actual growth rate observed between 1964 
and 1973 (U.S. Environmental Protection Agency, 1976; Neuse River Soil and 
Water Conservation District, 1964; Tuttle, 2013; U.S. Census Bureau, 2020). 
Data from the U.S. Census Bureau (2020) and the Federal Reserve Bank of St 
Louis (2020) indicate the population for Raleigh would grow 292% and Wake 
County grew 385% between 1970 and 2020 (estimated). These estimates are far 
more in keeping with the growth observed between 1950 and 1970 than what 
were used by the EIS. Better predictions on population growth were available 
when the EIS was prepared. 

A consequence of the erroneously low prediction of population growth was that 
the planning for the watershed underestimated the amount of land converted from 
woodland and cropland to buildings, roads, and other impervious landcovers. As 
we have discussed, everything goes somewhere. If the water cannot infiltrate it 
will become runoff. And because the impervious surfaces provide more runoff 
and less obstructions, more water runs off faster. Additional impervious surfaces 
in a watershed with a documented history of flooding exacerbated the frequency 
and level of the flooding. 

Because the amount of impervious landcover was underestimated, the peak flow 
for rain events was underestimated. This led to underestimating the risk of flooding 
to businesses located within the floodplain and correspondingly the extent of 
damages from that flooding. The repeated flood damage to Crabtree Valley Mall, 
built in 1972, and adjacent businesses including several car dealerships, illustrates 
the consequences of this underestimation. Commercial insurance available to the 
Crabtree Valley Mall has been sufficient to cover flood damage for only two 
stores (Tuttle, 2013). 
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Policies and ordinances dealing with impervious covers and construction within 
the floodplain might have avoided the development within the Crabtree Creek 
floodplain which would have prevented much of the damage associated with 
Crabtree Creek flooding. The City of Raleigh is working to reduce and mitigate 
damage from flood events by restricting development within the core of the 
floodplain to prevent increased damage to other watershed residents and to permit 
activities such as agriculture, forestry, lawns, parking areas, golf courses, parks, 
and other recreational uses. It has also adopted policies to increase potential 
temporary water storage by removing several structures within the floodplain and 
replacing them with parkland that can serve to hold stormwater during rain events 
(Raleigh News and Observer, 2006; Tuttle, 2013). 


7.2.3.1 Take home message 


Gravity and storage capacity matters. Water has to go somewhere. Any development 
that decreases temporary water holding capacity in a watershed will increase the risk 
of damages from more frequent and higher water levels. Increasing impervious land 
cover will reduce the water storage capacity of soils within the watershed and 
increase the volume and speed of runoff. Placing structures in places where 
gravity dictates where water should go, converts a flood event into an event 
involving flood damages. Much of the damage from flooding that now occurs is 
due to placing structures within a known flood zone, reduced soil water holding 
capacity, and inadequate planning based on questionable population projections. 
Damages could have been avoided by accounting for additional and unpredicted 
growth in the watershed and taking appropriate actions, such as those that have 
been adopted recently in Raleigh. A final message from this example is this: 
examine and challenge assumptions. A more careful examination of projected 
population growth might have resulted in less construction within the floodplain. 


7.2.4 Case study 3 — the Des Moines River 
watershed: a more integrated examination 


The Des Moines River watershed in the state of Iowa and the heart of the American 
Corn Belt has highly productive agricultural soils, a beneficial climate, and 
extensive tile drainage systems. Iowa State University, located in this watershed, 
has extensively monitored and studied the impacts of the conversion and use of 
these soils in intensive agriculture. These studies provide a more complete 
understanding of how vegetative cover, infrastructure, hydrological function, 
nutrient cycling, and water quality interrelate. They help make clear how these 
changes to the natural landscape affect both water flow and impact water quality. 
Iowa is a leader in corn and soybean production where farmers use a substantial 
amount of fertilizer to achieve high yields. It also has a highly drained landscape. 
In fact, Zulauf and Brown (2019) noted that Iowa is the state with the highest 
percentage of cropland with tile drainage (53%) (see also, National Agricultural 
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Statistics Service, 2019a). The draining of wetlands, the associated tile draining 
systems, and the development on the floodplain have each played a role in 
increased flooding in the city of Des Moines, with major flooding occurring in 
1993. The combination of a highly cropped, fertilized, and drained landscape has 
resulted in impaired water quality, with drinking water for the major city in the 
watershed, Des Moines, regularly exceeding the drinking water standard for 
nitrates (Des Moines Water Works, 2020). Des Moines Water Works had to 
install an expensive water purification system that cost several million dollars in 
order to meet these standards (Des Moines Water Works, 2020). In 2015 the 
equipment was in operation 177 days costing $1.5 million (Des Moines Water 
Works, 2016). 

Calls to reduce the loadings of nitrates into the Des Moines and Raccoon Rivers 
initially focused on decreasing nitrogen fertilizer application rates within the 
watershed. Though seemingly the feasible approach, simply focusing on fertilizer 
use failed to account for all sources of nitrates. An examination of nitrogen 
fertilizer use within the Raccoon River watershed between 1989 and 2003 
showed little change in the amount applied. Further the increased fertilizer uptake 
by crops indicated increased nitrogen use efficiency raised doubts that increased 
fertilizer applications were the source of the additional nitrate (Hatfield et al., 
1999). Manure applications were considered by some as the source of the nitrate, 
but an examination of cattle and hog production over the period in question 
revealed the number of animals had declined by 63% and 20%, indicating the 
nitrogen available for application had decreased by 25% (Hatfield et al., 1999). 
So why was the nitrate concentration in the river continuing to rise while the total 
nitrogen application decreased? Pause for a moment and think about the scientific 
principles and concepts that we have been examining. What do we know and 
what has not been examined? 

We know that mass is conserved, neither disappearing nor being created. And we 
know water flows downhill from the uplands to the rivers where it infiltrates soils 
downward until it reaches the water table. Finally, remember different plants have 
different transpiration rates. In an examination of how agricultural practices 
affects carbon, nitrogen, and phosphorus cycling, Hatfield et al. (2009) found that 
crop rotations (crops sequentially grown on the same plot of land) had been 
steadily changing over time. As the amount of land in small grains (e.g., wheat 
and oats) and grasses (e.g. hay) declined, nitrate concentrations in water systems 
increased. This relationship between the crop rotations and nitrate concentrations 
can be understood by examining the timing of fertilizer applications, precipitation 
patterns, and comparing water use patterns and movement associated with small 
grains and hay with those of the corn and soybeans that replaced them. 

In Iowa, April, May, and June have the three of the highest average monthly 
precipitation rates (rssWeather.com,2020) and are the months when spring 
fertilizer is typically applied. Now consider water use by these crops. Hay and 
small grains are actively transpiring between April and mid-June reducing the 
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water movement to base flow. During the same period corn and soybeans have 
limited water use, leaving more water to move downward through the soil profile 
contributing base flow. Replacing small grains and hay with corn and soybeans, 
allows nitrates from recently applied fertilizer to be flushed out of the soil with 
the water and transported with the base flow to the river. The timing of fertilizer 
applications, and precipitation and temperature patterns contribute more to 
explaining nitrate concentrations in the river than changes in fertilizer use (see 
also Jayasinghe et al., 2012). 


7.2.4.1 Take home message 


The Des Moines Watershed containing the Raccoon River Basin demonstrates the 
interconnectedness of the landscape, vegetative cover, water movement, and 
nutrient cycling, in other words how changing carbon, nitrogen, and phosphorus 
balances can produce undesired results. The substantial modifications of the Iowa 
landscape — the loss of wetlands and their water storage function, the conversion 
of native vegetation and wetlands to cropland, fertilizer and manure applications, 
and changing crop rotations — have altered the ecosystem services provided. 
Water pathways through the landscape (and transpired into the atmosphere) have 
been altered. The reduced ability of the landscape to hold water has intensified 
the watersheds’ response to major precipitation events resulting in greater flood 
damage. The alterations of water movement combined with nitrogen applications 
on cropland have resulted in elevated nitrate concentrations in the rivers. The 
changing crop rotations altered plant water uptake during the period when 
fertilizers were applied, leaving more water to percolate through the soil and 
transport rN to the base flow which then carried it into the waterway. This case 
study shows that the interrelationships between changing land use, water 
movement, crop production, nutrient availability, and water quality are complex 
and need to be carefully examined before assigning relationships between cause 
and effect. 

Although all of the above variables discussed play a role in the increased nitrate 
concentrations, this case study was presented to stress the use of a tool as well as our 
core principles. Many in the Des Moines River watershed jumped to what was a 
feasible but incorrect conclusion that increased fertilizer or manure applications 
were driving the increasing nitrate concentrations in the Raccoon River. By 
observing and measuring the amount of nitrogen applied to crops over time, this 
hypothesis was rejected. When an analysis taking into account water availability 
and movement was completed, the role of changing crop rotations in increasing 
the water available to transport nitrates through the soil column was documented. 
The lesson here is not only do we need to apply scientific principles but we also 
need to test our hypotheses by observing and measuring outcomes. If we reject 
our hypothesis, we need to reexamine the system on the basis of fundamental 
science. 
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7.2.5 Case study 4 — eutrophication in western 
Lake Erie 


Sometimes doing seemingly all the right things still leads to unexpected trouble (and 
an undesirable environmental outcome) when a key principle is neglected — in this 
case, the conservation of mass. In this example, farmers along the western half of 
Lake Erie Ohio (USA) adopted conservation practices to reduce soil erosion, 
following recommendations from farm advisors (Jarvie et al., 2017). Lake Erie 
had for years suffered from diminished water quality from sediment eroded from 
nearby farms. The increased turbidity caused by the sediment reduced the aquatic 
vegetation and the fish that depend upon it, diminished the recreational value, and 
lowered drinking water quality. 

Farmers in the region adopted a large number and variety of conservation 
practices to help protect the water quality of Lake Erie. They used conservation 
tillage practices to slow runoff and to reduce erosion and sediment transport. 
With reduced tillage, water stays on the land longer where it can infiltrate and 
saturate the soil profile. On the other hand, the retention of more water on the 
land can reduce crop yields, leading farmers to install tile drainage. Farmers also 
reduced total fertilizer use and adopted cover crops to reduce nutrient runoff. 
Cover crops provide the additional benefit of protecting the soil outside the 
primary growing season and generate more organic matter that can enhance 
soil health. 

Water quality improved from the early 1980s into early years of the new 
millennium. Then water quality problems began to recur. This time sediment 
was not the predominant water quality problem — it was algal blooms and 
eutrophication. These algae, actually cyanobacteria, can produce a toxin that can 
sicken people and kill pets (Smith, 2020). 

How could practices that at first succeed, over time, fail? Achieving high yields 
for the crops grown on these soils requires the proper mix of bioavailable 
phosphorus and reactive nitrogen. To meet the nutritional needs of crops, farmers 
applied fertilizer. However, the no-till systems that many producers adopted 
resulted in fertilizer being applied near the soil surface instead of being 
incorporated throughout the root zone. Over time this can lead to the 
accumulation of phosphorus at the soil surface and the saturation of the soil 
particles with phosphorus. This condition leaves more phosphorus in a soluble 
form that can be readily transported by water. 

By adopting practices that increased infiltration, soil organic content, soil water 
holding capacity, along with the planting of cover crops that retain phosphorus, in 
both solid and soluble forms (as well as reactive nitrogen) at the soil surface, farmers 
inadvertently increased the propensity for the transport of soluble phosphorus (and 
rN) through the expanded drainage systems. The increased drainage moved the 
water and the soluble nutrients into streams and rivers and ultimately Lake Erie. 
The practices that had kept sediment and the phosphorus associated with the 
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sediment from leaving cropland soils ironically led to high accumulations of 
phosphorus in soils and ultimately to the transport of soluble phosphorus off-site, 
contaminating water bodies. 

In Lake Erie waters, the combination of bioavailable phosphorus and excess rN 
provides the essential chemical elements for the production of life. In this case, this 
life is a microbial organism whose propagation in shared resources is threatening to 
human health and welfare. 


7.2.5.1 Take home message 


Even seemingly slight changes to how soils cycle carbon, nitrogen, and phosphorus 
can have significant consequences to associated natural resources. Successful 
management has to take into account all forms of carbon, nitrogen, and 
phosphorus that can be transported offsite. In this case, the focus had been on 
phosphorus associated with sediment. The practices adopted to mitigate soil 
erosion and the sediment containing phosphorus that was transported offsite 
inadvertently led to the buildup of soluble phosphorus which could be transported 
by water. This was taking place at the same time practices were being adopted 
that increased both the water holding capacity and drainage of the soils, resulting 
in soluble phosphorus being transported through the drainage system directly into 
waterways. Total phosphorus is conserved. If at a site less phosphorus is removed 
through the removal of residue or from loss of phosphorus through soil erosion, 
more will be retained until no more can be bound to soil sediment particles and it 
becomes solubilized. Asking the question where a nutrient (in this case 
phosphorus) is going (i.e., its shorter- and longer-term fate), can help lead you to 
identify possible problems with a strategy for longer-term mitigation. 


7.2.6 Case study 5 — Erath county, Texas: dairy country 


Economic considerations can lead to dire environmental and welfare outcomes if 
our scientific principles — gravity, the conservation of mass with the implication 
that water has to go somewhere, and the balancing of carbon, nitrogen, and 
phosphorus cycles — are ignored in decisions regarding the intensity of 
production. Erath County in Texas (USA) serves as an example of what happens 
when excess nutrients lead to the diminution of natural resource values. 

Since the 1980s the dairy industry has been booming in Erath County. The 
county consists of two watersheds, the Bosque and the Paluxy watersheds, which 
are tributaries of the Brazos River. The Brazos is the main source of drinking 
water for the city of Waco. It covers some 1090 square miles or 2,800 square 
kilometers of relatively gentle sloping grazing lands within an easy drive west of 
Dallas and northwest of Houston. 

The dairy industry grew rapidly in the 1990s, adding a new dairy every month. 
These were not the mom and pop diaries seen in children’s picture books, but 
industrial farming operations (of 1,500-2,000 milking cows). A driver for this 
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shift was the migration of dairy operations from the Netherlands to the United States 
and western states, a consequence of regulatory pressures to reduce water pollution 
in Europe and domestically (Jones et al., 1993). The situation that led to a 
concentration of dairy operations in Erath County is analogous to the arcade 
game of Whack-A-Mole whereby one whacks one mole popping up from a hole 
with a hammer and the mole reappears from another hole (Jones et al., 1993). 

To feed the approximately 110,000 dairy cows maintained at these facilities 
between 1997 and 2002 required large amounts of feed (National Agricultural 
Statistics Service, 2019a). A dairy cow needs approximately 23-25 kilograms 
(50-55 pounds) of dry matter (DM) a day which includes 11 kilograms (24 
pounds) of grain. The grain typically includes meal from corn and soybeans 
(Fischer & Hutjens, 2019). Nearly all the grain was imported from outside the 
watershed since there is relatively little corn and soybean production in Erath 
County. As we have discussed, importing corn and soybeans transports a 
substantial amount of nitrogen and phosphorus into this small watershed. 

We estimate that during this period all dairy cows in Erath County produced 
manure containing nearly 11.9 million kilograms (26.2 million pounds) of 
nitrogen and 2.2 million kilograms (4.8 million pounds) of phosphorus per year. 
How do we get this number? A single dairy cow produces an average of 56.7 
kilograms (125 pounds) of manure (both feces and urine) per day, or 20,700 
kilograms (45,600 pounds) per year. Thus, 110,000 dairy cows will produce 
some 110,000 x 56.7 x 365 = 2.3 billion kilograms of manure per year. A single 
dairy cow excretes 108 kilograms of (238.2 pounds) of nitrogen and 19.7 
kilograms (43.5 pounds) of phosphorus (Van Horn et al., 1994, Buckley & 
Makortoff, 2004; Koelsch 2018;). Again, just using simple mathematics we 
estimate that these 110,000 cows produce 11.4 million kilograms (26.2 million 
pounds) of nitrogen and 2.2 million kilograms (4.8 million pounds) of 
phosphorus per year that must be managed in a sustainable way. In other words, 
disposal must not significantly disturb the carbon-nitrogen-phosphorus balance of 
soils in the watershed to avoid offsite loadings into streams and rivers with 
consequent negative impacts to air and water resources. Is this a lot? To answer 
this question, we pose the “so what” test: how does this amount of nitrogen and 
phosphorus translate into an implied application rate (units per area) on the 
available cropland? And how does that rate compare to typical nitrogen and 
phosphorus application rates? 

To calculate the implied application rate, we need to know the number of hectares 
(acres) of cropland in Erath County. We do not need a precise number for the 
purpose of this exercise, a rough estimate will suffice. If we go to the United 
States Census of Agriculture (National Agricultural Statistics Service, 2019a, b), 
we find out that the number of farm hectares (acres) in Erath County is about 
243,000 hectares (600,000 acres) and one-fifth or 48,500 hectares (120,000 acres) 
are cropland, although this can vary slightly from year to year. In 2002, 34,000 
hectares (84,000 acres) were in field crops suitable for spreading manure (74,000 
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acres of hay or forage crops, 4,000 acres of corn and sorghum, and 6,000 acres in 
wheat) (National Agricultural Statistics Service, 2020). We divide the quantity of 
nitrogen and phosphorus in manure by cropland area to estimate the implied 
application rate. If the implied application rate far exceeds the typical amount 
applied for crops, we can reasonably assume that we have a problem with excess 
nutrients. To simplify the analysis and to give a conservative estimate, we assume 
all 48,500 hectares of cropland were planted in hay and forage crops. 

We now divide 11.9 million kg of nitrogen and 2.2 million kg of phosphorus by 
48,500 hectares of cropland. Rounding down the result gives us 245 kilograms per 
hectare (218 pounds per acre) of nitrogen and roughly 44 kilograms per hectare (40 
pounds per acre) of phosphorus. According to Texas A&M Agricultural Extension, 
hay can take up to 25 kilograms of nitrogen per metric ton (50 pounds per U.S. ton) 
from all sources depending on the yield and prices (that includes what it gets from 
rain, legumes, naturally available from organic matter of soils, and, of course, 
manure) (Perkins, 2018; Wortmann et al., 2013; National Agricultural Statistics 
Service, 2020; Stichler & McFarland, 2020). In Erath County hay annually 
yielded, between the years 2002 and 2017, an approximate average of 5.6 metric 
tons per hectare (2.5 U.S. tons per acre) (National Agricultural Statistics Service, 
2019a. Thus, one hectare of hay in Erath county can utilize 140 kilograms of 
nitrogen [140 = 5.6 metric tons per year x 25 kilograms] (125 pounds per acre 
[125=2.5 tons per year x 50 pounds per U.S. ton]). Comparing our estimate 
244kg versus 140 kilograms (218 pounds versus 125 pounds) of nitrogen 
suggests that the answer to our “so what’ test is: ‘We have a problem with 
nitrogen.’ In other words, our test threshold is exceeded under somewhat 
unrealistically favorable (for the dairy operations) assumptions that farmers 
growing crops will be able and willing to accept all of the manure that is made 
available from the livestock operations. 

It is important to bear in mind that these estimates are extremely optimistic. First, 
we assumed all of the cropland could be used to spread the manure as fertilizer, but 
only about two thirds of the cropland were suitable for applying manure. And 
importantly as we discussed earlier, the ratio of nitrogen and phosphorus in 
manure is rarely what is needed by the crop. Generally, manure when applied at a 
rate appropriate for nitrogen results in an over application of phosphorus. Also, 
even if the crop could use all of the nutrients, not all of the manure can be 
collected and used for fertilizer. Even if all manure were collected, some portion 
of the nitrogen would escape as ammonia. Moreover, the manure would have to 
be stored properly to prevent its premature release into the environment. 
Unfortunately, history suggests that storage and transport of this amount of 
material leads to many spills and unintended discharges onto streams and rivers, 
let alone emissions into the air in the form of ammonia, nitrous oxide, and 
methane. These qualifiers serve to highlight the issue Erath County is addressing. 

In 1992, USDA estimated that 309 kilometers (192 miles) of the Bosque River 
watershed were contaminated with livestock pollution. The pollution was not just 
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from excess nitrogen and phosphorus, but also from undesirable microbial 
populations. This is because the nitrogen and phosphorus in manure, when mixed 
in with carbon from the straw used for livestock bedding, creates an ideal 
environment for the growth of microorganisms that degrade water quality for 
both human and wildlife use. Air quality can be impaired by emissions of 
ammonia and dust, which not only represents an insult to the senses but also 
causes degradation of wildlife habitat downwind (Mukhtar & Auvermann, 2020). 
The amount of nitrous oxide emitted, though not officially documented, can be 
relatively easily calculated and is undoubtedly substantial. This makes the 
livestock operations significant contributors to atmospheric emissions of a major 
greenhouse gas. 


7 2.6.1 Take home message 


Doing the mathematics, such as the simple mental walkthrough conducted above, to 
estimate in advance the livestock population that can be accommodated in the 
watershed might have protected the natural resources. Using the amount of 
nitrogen and phosphorus produced by the proposed operations would have 
provided a clear signal that the cropland within the watershed was not sufficient 
to handle the amount of manure expected. Nitrogen readily changes into 
numerous forms that can degrade the environment. Storing and transporting 
manure that contains significant quantities of reactive nitrogen will inevitably 
result in portions escaping into the air and water resources. About 5% of total 
nitrogen applied will transform into ammonia. The exact number depends upon a 
number of factors including how the manure was applied to the soil, what time of 
year it occurred, and subsequent management of the soil. However, the figures 
here and below provide a rough ballpark idea of how much is transforming into 
which nitrogen forms. Research suggests that some 0.3-1% of the nitrogen in 
manure from a livestock operation will eventually become nitrous oxide 
(Thorman et al., 2020). N.O emissions globally from manure rose 34% from 
1990 to 2017. This is largely the influence of large-scale operations, which 
produce massive amounts of waste that is generally over-applied as fertilizer 
(Lilliston, 2019). In addition to being a source of environmental loadings of rN, 
large concentrated livestock operations can be sources of major emissions of 
methane due in large part to the diet of confined animals. Taking into account the 
number of animals in a watershed will give environmental managers a reasonable 
estimate of the potential for excess emissions that could result if precautions are 
not taken. 

Excess nitrogen and phosphorus need to move into the long-term storage pools if 
environmental degradation is to be avoided. This will not happen if the conditions 
for conversion to soils do not apply, such as in a climatic zone with low rainfall 
where there would not be enough carbon from plant production to meet the 
minimum conditions for soil production. The amounts have to be in the right 
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proportions and be present when soil microorganisms are present to convert the 
excess nitrogen, phosphorus, and carbon into new soil. Conservation measures, 
such as slowing the water down with vegetation, cover crops to impede water 
flow, or wetlands to intercept the water, would be necessary. Otherwise, rainfall 
can move excess nitrogen and phosphorus into waterways. The water, along with 
the nitrogen and phosphorus it may contain, will go somewhere. If land is not 
managed to avoid negative impacts, the quality of natural resources will suffer. 

Precautions could and should be adopted before visual and other sensual 
evidence of an environmental problem becomes pronounced. The best approach 
to avoid a problem is to anticipate the likely outcomes and respect the balancing 
of carbon, nitrogen, and phosphorus cycles. 


7.3 THE ROD SERLING FACTOR: FOR YOUR 
CONSIDERATION 


Here are three exercises for you to apply what you have learned on real environmental 
issues. These are issues that have a long legacy, requiring a sustained effort to 
address. Know at the beginning that they pose multiple challenges to their 
resolution. These include legal, economic, and social barriers. Each proposed 
solution will touch on at least one of these barriers. To date no painless solution 
has been identified. You should not expect to identify the ‘answer’, but the 
exercises should stimulate thought and promote discussion. Each issue provides 
you with insight into the interconnectedness that characterizes our environment. 

We encourage you to review the background material in Section 7.2 and to revisit 
Chapters 5 and 6 as needed while doing these exercises. 


7.3.1 Greenhouse gas and climate change: what will 
happen 


Some six million years ago, conditions on earth were such that humans emerged 
onto the evolutionary tree (Harari, 2015). CO, levels in the atmosphere were 
about around 400 ppm (parts per million) (Concio 2019). Over the succeeding 
millions of years during which human species evolved and thrived, these levels 
declined to 260-270 ppm (Wigley, 1983.) where they stayed for a million years 
or more (National Space and Atmospheric Administration, 2020). Earth’s 
atmospheric CO, level now stands again at 415 ppm. In two hundred years, the 
concentration has increased by some 150 ppm or around 60%. 

How did this happen? In 2019, 136,762 TWh (Tera Watt hours equivalent) of 
fossil fuels were burned. This is an increase from 40,553 TWh in 1965 (British 
Petroleum, 2020). Coal, petroleum, and gas account for the fossil fuels (i.e., old 
carbon) burned — 14 billion tons of coal, 12 billion tons of oil, and 8 billion tons 
of gas (Ritchie, 2017). About half of the carbon dioxide produced from the 
burning of these fossil fuels remained in the atmosphere, the rest was absorbed 
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by the oceans and terrestrial soils and plants. With the increase in CO, absorbed by 
the oceans, ocean acidity has increased by 30% over preindustrial levels (National 
Oceanic and Atmospheric Administration, 2020). 

CO; is not the only carbon-containing greenhouse gas that has increased in the 
atmosphere over the past couple of centuries. Methane concentrations have 
reached two and a half times preindustrial levels (Jackson et al., 2020). 60% 
came from agricultural activities before the year 2010 (World Meteorological 
Organization, 2010) more probably comes from energy production today. And a 
gaseous form of reactive nitrogen has also contributed to the increase in 
greenhouse gas levels — nitrous oxide. Nitrous oxide is also increasing at 
logarithmic rates with levels now 123% higher than in preindustrial times. 40% 
comes from anthropogenic sources. 

Over the past two hundred years, we have shifted massive amounts of carbon and 
nitrogen from the long-term storage pools of these elements from the earth’s crust or 
the atmosphere (in the case of N) to the relatively short-term pool of the atmosphere 
where they affect the rates of change in ecosystem processes. This has occurred so 
quickly that earth’s natural processes can only very slowly readjust to new 
equilibrium levels and at which carbon, nitrogen, and phosphorus strive to come 
into new balance in soils and the ocean. 

Should we be concerned? If we like the conditions that existed millions of years 
ago and have not existed for nearly the entire existence of humans on earth, then 
okay. However, the surface warming caused by the greenhouse gases causes 
more water to evaporate which leads to an increase in atmospheric water vapor 
(humidity). Remember the mugginess after summer thunderstorms. Since water is 
also a greenhouse gas, we now have what is called a positive feedback loop with 
ever more warming. 

How will the terrestrial pools of carbon, nitrogen, and phosphorus react? Will 
there be any effects on sea level rise? Food production? Health? Why? 

What would you do to curtail these increases in greenhouse gas levels? 


7.3.2 Marginal land and soil erosion 


The Homestead and Railroad Acts provided incentives for westward expansion 
and the plowing of the plains. Much of the land was rich, characterized by deep 
fertile soils, but a substantial portion of the land was marginal, able to support 
farmers in times with good weather and prices, but failing to do so when prices 
dropped or the weather was bad. Farmers trying to survive cropping these lands 
often found themselves working as hard as they could, but falling further behind. 
Many of these soils were also fragile, highly susceptible to erosion. In the case of 
highly erodible soils, the farmers’ struggle to stay solvent can become a cost to 
their neighbors and downstream communities as the soil is blown away as dust or 
washed off the land and transported into waterways. 
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Prior to European settlement, much of the grasslands in the North American 
Great Plains were characterized by deep soils, protected by a diverse mix of 
grasses and forbs. This prairie vegetation had root systems that extended deep 
into the soils. Over the millennia these root systems resulted in a high soil 
organic content. Plowing exposed the organic matter to oxidation, releasing 
carbon dioxide but also the associated bioavailable nitrogen and phosphorus, 
benefiting crop productivity. However, by breaking up grassland vegetation and 
plowing these fragile lands, settlers also exposed the soils to erosion. This erosion 
over time would reduce productivity, making marginal soils more so. 

With the Homestead and Railroad Acts, the first settlers claimed the land 
available that was closest to the population centers in the east. Later settlers had 
to travel further and further to the west to locate unclaimed land. In general, 
annual precipitation decreases as you travel west from the Mississippi River, so 
the later homesteaders were forced to settle land in areas with less annual 
precipitation. Often these lands were in the short-grass prairie where the grass 
was only a few inches high, but the root systems could be 6 feet deep (Milchunas 
et al., 2011). These deep rooted systems enabled the native vegetation to access 
water during the periodic multi-year droughts that characterize the western Great 
Plains. Disturbing these short-grass prairie systems and replacing them with more 
shallow rooted crops not only exposed the soils to erosion during the periods 
between tillage operations and crop crown closure but also during droughts when 
crops could not be established. 

The American Dust Bowl is a prime example of how the conversion of native 
vegetation to crops can go awry. Pioneers settling in western Kansas, Oklahoma, 
and Texas, and eastern Colorado and New Mexico reached this region during a 
period of prolonged above average precipitation. Additionally, high wheat prices 
after World War I made even marginal cropland profitable, attracting more 
farmers to the region. Conditions changed dramatically in the early 1930s as the 
precipitation stopped and prices plummeted. As the rain stopped and the crops 
failed, the constant prairie winds started to blow the unprotected soil (Figure 6.7). 
The slow-moving disaster of farmers going bankrupt, communities picking up 
and leaving, and huge regionwide dust storms lead to a federally directed effort to 
stabilize the soil. It also led to the creation of the Soil Conservation Service 
(SCS), the predecessor to Natural Resources Conservation Service), as the lead 
conservation agency in the United States. 

SCS developed strategies to protect and stabilize the soil. Many of these practices 
were discussed earlier in Chapter 6. The primary strategy was to establish vegetation 
to protect the soil. The lack of precipitation made establishing these covers very 
difficult. An important outcome from the Dust Bowl and the efforts to stabilize 
the soils was the recognition that in those areas where the native vegetation 
remained, the soil did not blow. 

Today numerous conservation innovations have helped reduce erosion on these 
marginal highly erodible lands. The primary tool is to minimize exposing the soil to 
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wind and water. This is accomplished by maintaining vegetation or crop residue on 
the soil as much as possible. Much cropland has been restored to grass covers, 
although not with the diversity of the original prairie. Some of these restored 
grasslands are enrolled into the Conservation Reserve Program and others are 
now used for grazing livestock. If the land remains in crops, adopting planting 
methods that reduce tillage becomes important for reducing soil erosion and the 
offsite impacts. 


7.3.2.1 Summary 


The settlement of the land west of the Mississippi River resulted in the conversion 
of hundreds of millions of acres from native vegetation to croplands. Tens of 
millions of these acres were both marginal and susceptible to erosion. The 
elevated levels of erosion that occurred from cropping these acres impaired water 
and air quality for people living downstream and downwind. Concerted 
conservation efforts have made much progress in reducing erosion, but there are 
still many acres of cropland eroding at a rate that cannot be sustained to maintain 
the productivity of the soil. Additionally, cropping these lands has had a 
significant detrimental on wildlife populations. As noted above, restoring native 
grasses is an effective tool in reducing erosion and, if sufficient area is restored, it 
has the benefit of restoring wildlife habitat for species adversely affected from the 
loss of native vegetation. 


7.3.2.2 The challenge 


Identify a strategy to restore the ecosystem services provided by the prairie 
grasslands. This plan should acknowledge the economic activity generated by 
crop production, including supporting activities such as machinery, seed, 
fertilizer, and chemical suppliers, grain elevator operators, grain traders, and local 
businesses. At a minimum it should also consider the effects on air and water 
quality, wildlife habitat, land values, soil health, and carbon sequestration. And 
finally, the analysis should consider the countervailing costs and benefits and 
their unequal distribution, and what mechanisms could be used to avoid having 
one group or another bear a disproportionate share of the costs or receive an 
uneven share of the benefits. 


7.3.3 Draining wetlands: everything goes somewhere 
redux 


Between the 1780s and 1980s the wetland area in contiguous 48 states of the United 
States decreased 53% from 89 million hectares to 42 million hectares (221 million 
acres to 104 million acres) (Dahl, 1990). Of particular interest for this discussion are 
the wetland losses for the Corn Belt (Illinois (85%), Indiana (87%), Iowa (89%), 
Ohio (90%), Missouri (87%)), and adjacent states of Minnesota (42%), North 
Dakota (49%), South Dakota (35%), and Nebraska (35%). Collectively these 
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major agricultural states provide most of the water from the Upper Mississippi, 
Ohio, and Missouri Rivers and much of the excess nitrogen and phosphorus 
flowing into these waterways and Gulf of Mexico. Between 2001 and 2005, the 
Ohio-Tennessee, Upper Mississippi, and Missouri Rivers accounted for 70% of 
the flow, 94% of the nitrate, 93% of total nitrogen, and 84% of the total 
phosphorus the Mississippi River delivered into the Gulf of Mexico (Aulenbach 
et al., 2007). The draining of wetlands and conversion to agricultural use 
contributed significantly to impaired water quality within the MRB and Gulf of 
Mexico and, as we noted in Case 1, contributed to higher flood levels in 1993. 
The draining of an extensive area of wetlands, a system that processed and stored 
carbon, nitrogen, and phosphorus, led to installing a system that leaks nutrients 
into the surrounding environment. And as we have repeatedly stressed — 
everything goes somewhere, gravity is always at work, and natural systems work 
to balance one another. 

We have already examined the role of changes in the landscape on flooding along 
the Mississippi River and its tributaries in our first case study. By draining wetlands 
farmers reduced the capacity of the land to store water, which still had to go 
somewhere. This accelerated the movement of water over and through the 
landscape, increasing the peak flow associated with each storm and increasing the 
damages when the river floods. This is straightforward and easy to see. It is also 
easy to see why and how the draining of wetlands occurred. Each 4 or 40 
hectares (10 or 100 acres) had a small effect that was not observed until the 
cumulative acreage drained was substantial enough for a large storm to cause 
flood damage. Even then it took a while to recognize that the higher flooding was 
caused by draining wetlands. After all, there were other modifications being 
made: levees, dredging, and new construction to name a few. 

The full relationship between draining wetlands and diminished water quality is 
not intuitive. Yes, people can recognize that ponds around cropland are often green 
with algae and realize that perhaps some fertilizer was getting into waterways. But 
that is only part of the story. Wetlands can also denitrify nitrate and convert it to N2 
gas, removing rN from the terrestrial pool and returning it to the atmospheric pool. 
With respect to phosphorus retention, wetlands are less effective. A possible 
exception is the phosphorus associated with suspended solids (Reddy et al., 
1999). What difference could millions of hectares (acres) of wetlands make for 
reducing rN in the Mississippi River and the Gulf of Mexico? The answer to this 
question is everything goes somewhere. We need to calculate how the losses of 
rN from cropland and the reduced denitrification of rN contribute to the problem 
of hypoxia in the Gulf of Mexico. We also need to account for how the carbon, 
nitrogen, and phosphorus ratios change under increasing or decreasing land 
in wetlands. 

Mitsch et al. (1999) estimated that restoring and constructing 2-5.3 million 
hectares (5—13 million acres) of wetlands within the MRB would reduce nitrogen 
loading to the Gulf of Mexico by 300,000-800,000 metric tons per year. They 
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similarly estimated that restoring 7.7—19.4 million hectares (19—48 million acres) of 
riparian bottomland hardwood forests would have a similar impact. Subsequent 
analysis suggests that wetland creation and restoration targeted toward areas 
receiving water with high nitrate concentrations, particularly from drainage 
systems, would increase the nitrogen removal rate (Crumpton et al., 2006). This 
reduces the area of wetlands that would be needed to achieve the same level 
of nutrient removal (U.S. Environmental Protection Agency Science Advisory 
Board, 2007). 

In the time since these analyses were conducted, no significant progress has 
been made in restoring freshwater wetlands. The most recent assessments of the 
status and trends in the United States (Dahl & Allord, 1997; Dahl, 2011) found a 
net loss of 8,800 hectares (22,000 acres) of freshwater wetlands. This loss was 
not significantly different from zero, given the statistical error of the survey. The 
assessment found offsetting losses from forested wetlands (256,000 hectares or 
633,000 acres), restoration of freshwater emergent vegetation (116,000 hectares 
or 287,000 acres), shrub wetlands (73,000 hectares or 180,000 acres), and 
agricultural shallow ponds (46,5000 hectares or 115,000 acres). 

Restoring and constructing wetlands to take advantage of their nutrient cycling 
and storing functions are not likely to be the salvation for excess nutrients in the 
Mississippi River system because of the likely high economic cost. Any redress 
will likely involve wetlands to much smaller extent than was envisioned by 
Mitsch et al. (1999). Mitsch et al. (1999) identified several other practices that 
would reduce nitrogen loading in the MRB. These included changes in farm 
practices including nitrogen management (900,000-1,400,000 metric tons/yr), 
substituting perennial grasses for 10% of corn—soybean rotations (500,000 metric 
tons/yr), and improved animal manure management (500,000 metric tons/yr.). 
Evidence on the adoption of these practices since 2007 is mixed and at times 
anecdotal. On the discouraging side is the 5.3 million hectares (13 million acres) 
increase in average corn and soybean planted acres since 2007 (National 
Agricultural Statistics Service, 2020), and there has been a substantial increase in 
tile drainage installation and renovation in the last decade (Agricultural Drainage 
Management Coalition, 2020). Both the increases in corn—soybean planted acres 
and tile drainage installation will increase nitrogen loss to waterways. Partially 
offsetting these increases is evidence of an increase in the adoption of nutrient 
management and manure management practices (unpublished Natural Resources 
Conservation Service data, 2020b). 


7.3.3.1 Take home message 


The loss of wetland nutrient cycling and storage function has led to a diminished 
capacity to process excess reactive nitrogen at a time when there is an increase 
in rN within the Mississippi River land—water system. Remember if you add 
more rN to a system, maintaining balance in the system requires removal 
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(denitrification or long-term fixation such as in deep ocean or the more complex 
fraction of soils) of a commensurate amount. Proposed methods to replace the 
loss of this wetland function have either not been adopted or have been 
insufficient to compensate for this loss. If improving water quality within the 
MRB and reducing the size of the Gulf of Mexico hypoxic zone remain 
objectives of national policy, either a renewed effort with more resources will be 
needed or new strategies need to be adopted. Addressing the excess rN in the 
MRB will take many years. Environmental managers will be at the forefront of 
these efforts. 


7.3.3.2 The challenge 


Identify a strategy to restore the ecosystem services provided by the wetlands in 
the Corn Belt and adjacent states. This plan should acknowledge the economic 
activity generated by crop production, including supporting activities such as 
machinery, seed, fertilizer, and chemical suppliers, grain elevator operators, grain 
traders, and local businesses. It should also include the costs associated with 
restoring wetlands. At a minimum it should also consider the effects on air and 
water quality, wildlife habitat, land values, soil health, and carbon sequestration. 
Attention should be given to differences in addressing excess rN and bioavailable 
phosphorus, particularly the issue of legacy deposits of phosphorus in river and 
stream banks and channels. And finally, the analysis should consider the 
countervailing costs and benefits and their unequal distribution and what 
mechanisms could be used to avoid having one group or another bear a 
disproportionate share of the costs or receive an uneven share of the benefits. 


Chapter 8 


The answer to what is next, 
summary, and conclusions 


We are in the Anthropocene Epoch. A period of time where humans, 
as much as nature, influence the fate of our planet. 
—National Geographic, 2020 


We have given you some insight as to how we humans are changing our world. You 
should know that our decisions about how we manage our resources affect our 
ability to feed ourselves, the quality of our air and water, and the biological world 
that surrounds us. In short, how we manage our resources affects our quality of 
life. This is the meaning of the designation of this period in earth’s history as the 
Anthropocene Epoch. We humans can determine its fate. The responsibility falls 
upon us to manage its future. 

In the case studies we presented to you in the previous chapter, we showed how if 
the management of natural resources is not well thought out and the scientific 
principles are ignored, the result will be undesirable consequences. We also 
showed you how to use core principles and tools to avoid these consequences. In 
this next section, we provide a brief introduction to public policy which is 
employed when individual action does not suffice to correct an environmental or 
natural resource problem. 


8.1 THE ANSWER TO ‘WHAT NEXT?’: PUBLIC POLICY — 
WHEN INDIVIDUAL ACTION MAY NOT BE ENOUGH 


The environmental concerns we have discussed: water quality, air quality, flooding, 
and climate change to name a few are all the result of numerous agents making 
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independent decisions and actions that, in aggregate, degrade a shared resource. 
Each are examples of the Tragedy of the Commons. Because the services these 
resources provide are shared, these resources are considered public resources, and 
public policy is needed to maintain them. 

What is public policy? It is the rules we use to allocate and manage public 
resources. It is needed because coordinated effort, rather than random acts, is 
required for effective and efficient management of shared resources. Addressing 
resource degradation in a piecemeal fashion is unlikely to resolve the 
diminishment of the resource. Consider air, clearly a public resource. You cannot 
exclude others from using air, but your actions can diminish the benefit for 
others. Think of a smokestack, spewing noxious gases, reducing the air quality 
downwind. Similarly, water is a public resource that may be diverted temporarily 
for personal use, but eventually it moves along within its cycle: evaporating, 
transpiring, flowing as a river, stream, or infiltrating underground. We share this 
water with our fellow humans and with the animal and plant worlds. Actions that 
increase the amount going into the atmosphere diminish the amount available for 
drinking water and to aquatic ecosystems. Measures that degrade water quality 
harm those living downstream. Land and soil also provide services that are public 
resources. They may be privately owned, but their connection to air, water, and 
biological communities means how they are used affects others. 

Public policy has developed over the years in recognition that when resource 
management decisions affect many people, the interests of those affected need to 
be taken into account, and only a concerted effort can protect the resource. 
Managing shared resources to maintain the flow of public services requires that 
priorities and objectives be identified, strategies to obtain public objectives 
formulated, and the mechanisms to motivate participants to protect these 
resources designed. Public policy is the arena where these actions take place. 

Because the problems associated with shared resources are complex and different 
agents are affected differently, how we make decisions and who makes them are 
critical components of resource management. Addressing these concerns is not 
easy. Invariably, there will be costs and these costs, as well as the benefits, will 
not be evenly distributed. Identifying strategies that resolve these problems 
requires cooperative action on the part of the public and private entities affected. 
At its heart, is the acknowledgment of the shared resource and the need for a 
shared response. 

It is not necessary to describe here all the forms public policy can take. That is 
for another text. What is important is recognizing the need for coordinated action 
based on a science-based strategy to address environmental management 
concerns. This strategy should incorporate as much information as is feasible. 
This includes the basic principles and tools we have discussed throughout the 
text, highlighting the role of the environmental manager in forming public 
natural resource policy — providing unbiased science-based information to the 
decision-making body. 
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8.1.1 Policy affects behavior 


Motivating people to adopt the public policy takes three broad approaches — 
information, incentives, and regulation. Providing information is the least intrusive 
because it can help lead to better decisions by identifying the costs and benefits of 
an action. Individuals and organizations can then choose a course of action that 
maximizes their welfare. An effective tool for encouraging conservation adoption 
in the United States is the provision of technical assistance to farmers and ranchers 
interested in addressing resource concerns. The Natural Resource Conservation 
Service (NRCS) of the United States Department of Agriculture (USDA) or its 
public and private partners, provides technical assistance in developing a plan that 
addresses the landowner’s resource concern(s), identifies the practice(s) needed, 
and assures the practice(s) is designed properly. Technical assistance reduces 
uncertainty for farmers while providing quality control on the planning and design 
of conservation practices. 

Labeling is another means to provide information. It can be used to provide 
warnings, guidance for proper use, and details of package contents. Perhaps, the 
most familiar example is the use of warnings to discourage smoking. Labels, such 
as the nutrition labels on food packages, are also used to provide information on 
product content and are a tool we all use to obtain information. Packages, cans, 
and boxes all have the product weight listed on the label, and if they are food 
product details on the calorie and nutritional content. The information on many 
labels is a result of policies requiring that specific criteria for determining and 
displaying information are met. 

Labeling plays a role in the environmental issues we have been discussing. 
Pesticides are required to have labels providing detailed information on product 
content, how and when a pesticide can and cannot be used, application 
rates, and medical warnings and guidance. Chemical fertilizers are required to 
identify the nutrient content and chemical composition of the nutrients on each 
package. Similarly, most seed packages list the percent germination of live 
seed from test plots and the percent inert material and weed seed. Both fertilizer 
and seed companies are required to meet testing standards for the labeling 
information. 

Providing information can help reach public objectives by identifying the 
consequences of an action. Strategies that reinforce the information provided by 
offering a realistic alternative can be more effective than relying solely on a 
communication strategy. Examples include providing dog waste bags and cans 
next to ‘clean up after your dog’ signs, or warning labels and application 
instructions on pesticide containers. 

Incentives encourage the adoption of a public policy by reducing the cost of 
adopting an action consistent with the policy. In conservation, there are numerous 
state and federal programs that subsidize the adoption of specified practices. 
These subsidies reduce or cover the cost of installing practices that further the 
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goals of the policy. Disincentives can be used to discourage actions that run counter 
to policy. These can include fines and fees. 

Regulation can also be used to influence behavior. It can range from 
complete prohibition, to zoning, permitting, and licensing. Frequently, regulation 
is combined with incentives and information mechanisms to reduce the burden 
from the regulation, while assuring the policy has its intended outcome. 
Regulatory oversight often requires certain information to be provided. An 
example of a combined regulatory—incentive approach would be to encourage the 
adoption of a practice, say dams, by providing technical assistance, yet requiring 
permits to assure that incorrectly designed and installed dams do not cause 
downstream damages. Though the technical assistance reduces the costs of design, 
it still requires that the landowner go through the time and trouble to obtain a permit. 

An emerging approach is the use of private markets to provide incentives for 
individuals and organizations to adopt practices that address environmental and 
natural resource concerns (US EPA, 2020c). Manale, (2010) and (Manale et al, 
(2011) show how markets can address sticky environmental problems. 
Governments serve the essential role of establishing the baseline conditions and 
necessary regulatory environment for the market to thrive. Examples of this are 
defining the commodity, setting minimum environmental standards, delineation 
of property rights regarding who owns the environmental commodity, and 
enforcement of contract provisions that serve not just those directly involved in 
the trades but also the public interest and the environment. Government can act as 
a neutral party ensuring compliance with contract terms. Polluters can reduce 
the cost of meeting environmental standards by paying more efficient 
organizations to make reductions in adverse emissions and for creating 
environmental offsets, such as through the establishment or restoration of wetlands. 


8.2 ADAPTIVE MANAGEMENT — PLANNING UNDER 
UNCERTAINTY 


One particular obstacle for public environmental policy is the incomplete 
understanding we have of environmental systems. It is also important to 
recognize that human activity has created imbalances in global systems that have 
not been previously observed. The U.S. Geological Survey, which collects data 
on and researches our physical and biological world, calls this phenomenon “loss 
of stationarity.” In other words, our predictive models based on historical data 
may no longer be valid. With the incomplete understanding of our environment 
and the loss of stationarity, there are situations where we can no longer take the 
past and extrapolate it into the future to forecast how systems will react to a plan 
(e.g. one might not be able to predict the accurately weather let alone the future 
climate). So how do we proceed? 

A prudent course of action is to use adaptive management when implementing a 
strategy. Forecasts of the likely outcome from implementing a strategy, when 
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the response of a system may have been altered from historical patterns, suffer from 
greater uncertainty. Adaptive management means developing a strategy to reach a 
goal based on the best information and science available, monitoring the results 
from implementing the plan, and modifying the strategy if the outcome deviates 
from the predicted result. Adaptive management replaces assumptions of 
predictability with a recognition of the connectedness and interdependence of 
processes and with an acknowledgment that the plan is likely to require 
adjustment. This change in the approach has the planners ask several questions 
when they develop a strategy. Does an action, or public policy, add or detract 
from balance? Is the impact of the action confined to a small area or to a large 
region? Can you mitigate function or mimic nature? Can you walk back action? 
An answer indicating that a strategy will be difficult to revise suggests that the 
strategy should be reexamined. 


8.3 DEVELOPING PUBLIC POLICY 


Developing public policy requires the identification of the resource concern, 
underlying cause(s), objective(s), parties affected, budget, and data needed. These 
can be used to develop a plan that effectively and hopefully efficiently reaches the 
stated goal. Identifying the factors generating the concern, the steps needed to 
resolve the concern, and the parties affected are each an important component in 
designing a plan. The principles and tools we have presented in this text can be 
applied in addressing each of these components. Although these principles alone 
are not sufficient to develop a plan, using them is necessary. That said, they can be 
effectively employed to demonstrate that a flawed proposed plan will not succeed. 


8.4 LESSON SUMMARY 


The lessons in this book are: 


e Everything goes somewhere. If you do not see where something is going, 
look harder. 

e Gravity is unrelenting. One ignores its effects on water at one’s peril. Related 
to the downward pull of gravity on water is how modifications to the 
landscape change the speed at which water moves. This leads us to 
examine the effect of changes in a landscape on water flow and fate. 
Related to this is consideration of the flow of water other than on the 
surface, be it by evapotranspiration, subsurface flows, or infiltration. Plans 
that overlook any of these aspects of water movement are subject to error 
and unwelcome surprises. 

e One needs to observe, measure, and test the assumptions about what is driving 
change within a system. Environmental systems are complicated with many 
moving parts. Observing and measuring how these systems react to change 
are important tools for understanding the reaction to that change. Testing 
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assumptions and hypotheses can detect what parts of the system need to be 
better understood. 

Carbon, nitrogen, and phosphorus are the basic chemical elements that make 
up the building blocks that constitute living things. These chemical elements 
may change form or even physical state, but their mass is always conserved. 
Water, carbon, nitrogen, and phosphorus each have cycles. 

The carbon, nitrogen, and phosphorus cycles are interrelated and work 
through atmospheric, soil, terrestrial, ocean, and geochemical processes to 
maintain a long-term balance within the different pools for each element. 
These cycles operate at different temporal scales, meaning that an action 
that creates an imbalance in one may take decades, centuries, millennia, or 
longer to restore balance. In changing the relationship between long-term 
and short-term storage of carbon, nitrogen, and phosphorus, we alter their 
balance in short- and longer-term pools. 

Disregarding the scientific principle of the conservation of mass and altering 
the mass in pools and the flow of material from one pool to the next have 
consequences. Understand how actions may alter these cycles by following 
their paths. Again, if you do not see where something is going, look harder. 
Soils and their health matter. It is in soils that critical components of the 
carbon, nitrogen, and phosphorus cycles occur and are regulated. If we 
reduce the carbon content of soils by mismanagement or excessive tilling, 
we simultaneously reduce the content in soils of nitrogen and phosphorus. 
The nitrogen and phosphorus will transform. Actions to protect and 
improve soils can help restore equilibria. 

The rising atmospheric levels of carbon dioxide, methane, nitrous oxide, 
and other greenhouse gases are a predictable result of human use of fossil 
fuels, land, and other resources. These elevated greenhouse gas levels have 
consequences that include higher temperatures and more intense and 
variable precipitation. These lead to changes in meteorological patterns 
associated with climate change, increased ocean acidity, and altered 
biological production. 

Human innovation has removed constraints on reactive nitrogen and 
phosphorus, increasing agricultural and industrial production, but at a cost. 
Algae blooms and marine dead zones result from too much reactive 
nitrogen and bioavailable phosphorus in water bodies. Managing and 
conserving soils (agricultural, wetland, and forest) are critical to 
ameliorating these excesses by providing longer-term storage sinks. 


CONCLUSION 


We hope you use this introduction to environmental management as a foundation for 
your future studies and apply these core principles and tools in your endeavors. We 
also hope it has helped you identify areas for future study as you construct your 
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curriculum. For those who deal with policy or the management of natural resources, 
we have given you a framework for evaluating proposed solutions to environmental 
and natural resource problems. 

The persistence of sticky environmental issues should serve as a signal that 
disturbing (changing) these relationships matter. Altering water pathways without 
following the path of water through its entire cycle is a recipe for long-term 
problems. Managing the carbon, nitrogen, and phosphorus pools; the flows 
between and among these pools; and the balancing of cycles lies at the core of 
environmental management. 

And if you are concerned about a changing climate, ask whether or not we are 
shifting carbon or nitrogen from longer-term storage pools to short-term pools, 
making them bioavailable and eventually into greenhouse gases. And as a 
corollary to this, ask whether or not what we are doing in our economic activity 
can be mitigated through how we manage our natural resources, especially soils. 

Remember that sustainable management means that what we have introduced 
into shorter-term pools is balanced by what is moved into longer-term storage. 
The chemical elements of life, whether or not they are carbon, nitrogen, or 
phosphorus, are never destroyed; they can only be managed. How we manage 
these substances affects the quality of our natural resources and our lives. 


Appendix A 
Acidity 


Water (Figure A.1), as has been explained, is a molecule consisting of two different 
atoms: two hydrogen atoms and one oxygen atom. Because of the way that the 
hydrogen atoms are bonded to the oxygen atom — not in a linear or straight line 
manner but rather at an angle, there is an overall charge to the molecule. That is, 
the electrons (the small negatively charged particles associated with atoms) are 
drawn to the oxygen atom, giving the molecule a negative charge adjacent the 
oxygen atom, and a corresponding positive charge adjacent to the hydrogen 
atoms where it is now slightly electron deficient. The result is that water 
molecules tend to attract each other, with the negative pole of the oxygen atom in 
contact with the positive pole of the hydrogen atom. This attraction is shown in 
Figure A.2. The attraction between the hydrogen and oxygen atoms holding the 
water molecules together is a weak bond (or hydrogen bond) compared to the 
stronger (covalent) bond linking the atoms in the molecule. Nevertheless, in 


Figure A.1 Water molecule with charges. /mage source: Wikicommons. 
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Figure A.2 Water molecules. Attraction image source: Wikicommons. 


nature, there is always the probability, though a small one, that a hydrogen atom 
from one water molecule will detach, even for a very short period of time, and 
bind to the oxygen atom. This hydrogen atom which loses its electron is called a 
proton. We indicate the deficiency of one electron by attaching the plus sign to 
the H. In Figure A.3, we show this in a slightly different way using the 
denotations for oxygen and hydrogen atoms. The dotted line represents the 
unstable, temporary bond between the hydrogen ion (a charged atom or 
molecule) and the oxygen in the water molecule and the solid lines the stable, 
covalent bonds between oxygen and hydrogen in water. The resulting 
hydronium ion is positively charged. The now lonely OH ion has a negative 
charge, indicating that it has an extra electron. The probability of this occurrence 
in water can be readily calculated. In a glass of water, the concentration will be 
1.0 x 107” moles per liter. This is a pretty small number. Chemists display this 
number more simply as pH=7 using the inverse of the logarithm of the 
number. In pure water, OH ion will have the same concentration as H”. Thus, the 
glass of water is said to have a neutral pH, that is the water the concentration of 
H* equals the concentration of OH’. 

In itself, this phenomenon is not particularly interesting. It becomes more 
interesting when the concentrations of Ht and OH™ are not equal — when H* is 
present at greater concentrations than its sister ion. In this case, scientists say that 
the solution is acidic. In the obverse case, the solution would be basic or alkaline. 


+ HQ 
Cid N 

Q. N 

Á H 


Figure A.3 Water and H ion. 
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A glass of vinegar has a pH value of roughly 2.4. The hydronium concentration is 
about 4 x 107° moles per liter or 0.004 mol/l. Baking soda is an example of a basic 
solution with a pH value of 9. 

Acids and bases are important in nature because excess charge, positive or 
negative, can react with other chemicals, thus breaking apart otherwise stable 
compounds. Carbon dioxide, for example, has a pH value of 5.6 and thus is 
slightly acidic, that is, a weak acid. High concentrations of carbon dioxide in the 
oceans lead to a lowering of its average pH value which otherwise is around 8.1. 
As more CO; is absorbed, the ocean pH declines, creating difficult conditions for 
organisms like clams and mussels and certain types of corals. The lower pH 
breaks apart calcium carbonate, making it unavailable for shell making. 


Appendix B 
Chemical elements of life 


Of possible interest to our readers is the story of why we focus on carbon, nitrogen, 
phosphorus, and water to tell the inside story of natural resource management. Is not 
life made up of more chemical elements than these? And more basically, why is life 
composed of these chemical elements and not others? 

In this discourse, we can only provide a glimpse into an emerging and 
blossoming area of scientific research that is scarcely more than a hundred years 
old and has risen in academic and scientific interest since the 1960s when we 
began to explore space. Scientists, in recent years, can do more than just ponder 
the question of whether or not life exists elsewhere in the universe. Are the 
circumstances that led to life on earth, unique? A corollary to this question is 
what were the circumstances that led not just to life on earth, but conditions that 
enabled the rise of Homo sapiens — us, which should be of relevance to all of us? 
How repeatable are they? Are our natural resource systems resilient? 

These questions have particular relevance to the discussion of natural resource 
management because, by exploring these questions, we can shed light on what 
the tipping points are in our systems and what are the elements of most relevance 
to the survival of our ecosystems. If we cause significant harm to our 
environment through pollution or modification of the landscape, draining 
wetlands or straightening rivers, for example, will the system recover? What must 
humans do to facilitate this recovery? 

If we both physically and chemically modify our air, our water, and our soils, will 
our environment revert to its initial condition if we stop the insult? Can we even 
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hope to restore ecosystems that have been degraded? These questions are ongoing in 
the scientific community and are at the core of environmental and natural resource 
management. This book helps you begin to ask the right questions and to point you 
in the direction of where you can seek more information and understanding. 

The science of ecosystems has been informed in recent years by the new science 
of astrobiology and in connection to this, the new science of prebiotic chemistry, a 
field of inquiry that scarcely existed when the authors were in school. We provide 
you here with the barest of introductions. 

Early in the twentieth century, scholars identified carbon, hydrogen, nitrogen, 
oxygen, phosphorus, and sulfur as the key chemical (biogenic) elements of life 
(Schwartz, 2006). Over time, scholars began to ask why these chemical elements 
and not others. This is a particularly important question for astrobiologists who 
seek to determine not just whether or not life exists outside of earth, but also in 
what form. Hydrogen and oxygen, when combined, constitute water. Water has 
the important quality of expanding when frozen, thus becoming lighter by unit 
mass and preventing oceans from freezing from the bottom. The constant melting 
and freezing of ice splits even the toughest of rocks, leading to weathering and 
exposing small chemical units within large rock masses. This frees them up for 
interaction with other essential elements. For a discussion of the other attributes 
of water that makes it perfect for life, see Henderson (1913). The elements such 
as hydrogen, oxygen, carbon, and nitrogen make up 99% of living tissue. They 
are also the smallest and abundant elements in the universe with stable energy 
states (electron configurations). If you want to build a stable structure, you want 
building blocks that can have more than just one point of attachment. Other than 
hydrogen, these elements do have more one than potential bond. Later 
researchers included phosphorus and sulfur in this list because they met the above 
criteria and also can form multiple bonds. Additionally, their bonds tend to be 
weaker, allowing for easier energy transfer — an attribute necessary to provide 
and temporarily to store energy for biochemical processes in living organisms. 

To start a fire you need kindling, which is carbon. When you start the fire, you 
blow on the flame. You may not have thought about this, but what you are doing 
is adding extra oxygen, which while forming new bonds with the carbon 
spontaneously releases energy. And voila, the kindling burns and heat is released. 
The oxygen found in the air we breathe is in its gaseous form exists as a 
molecule consisting of two atoms, with a tendency to combine with other 
elements. In other words, it is reactive. 

For organisms, oxygen bonding to carbon releases energy which is taken up and 
stored by molecules in the cell. Under certain circumstances, sulfur can serve this 
role and appears to do so in deep oceanic vents where oxygen is scarce. Much 
earlier in earth’s history the atmosphere was very different, the oxygen molecule 
O,, the 21% of the atmosphere that we breathe, was unavailable. Because of its 
reactivity, the oxygen that existed quickly combined with other elements, often in 
mineral complexes with iron. [Observe how a piece of iron, left uncovered, will 
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over time turn red with rust, especially if made wet. Water is a molecule of oxygen 
and two hydrogens. What you are observing is the ‘oxidation’, that is the combining 
of oxygen with iron.] 

So how did things change? How was the oxygen released from its entrapment in 
mineral complexes? Most theories point to living organisms, but not life as we know 
it. Life, beginning in the oceans, consumed the oxygen associated with minerals 
(such as iron minerals) and possibly the sulfur in rocks to generate energy and 
make the carbon to carbon bonds needed to construct the building blocks of life. 
Molecular oxygen, the gaseous version that we breathe, was the waste product. 
The accumulation of this byproduct created, over eons of time, the atmosphere 
that we know. 

Clearly, oxygen is a key natural resource material without which life, as we know 
it, would abruptly stop. Why then are we giving it short shrift in this book? Because 
its absence in our atmosphere or oceans would mean our very rapid demise. If we 
ever get so close to mismanaging our environment that oxygen levels are 
diminished, then our subject matter will be beyond even academic interest. 
We focus on what we believe are important matters that, with prudent measures, 
we can manage and affect; we omit what is too dire to contemplate. Furthermore, 
if we manage nitrogen, carbon, phosphorus, and water, we also manage oxygen. 

What about sulfur, which is also akey component of cells? Like oxygen, sulfur is 
very abundant in the universe. On earth, it is almost totally locked up in dense 
mineral complexes. It is particularly reactive, which means, like oxygen, when it 
is released into our biosphere, it quickly becomes bound into chemical 
complexes, thereby relatively unavailable for bioreactions. Hence, for the 
purposes of natural resource management, sulfur is a minor actor. An exception is 
when it is mined or made available through combustion processes. In these cases, 
it is available as a local pollutant. [Remember the smell of rotten eggs? What you 
are smelling, at low concentrations, is hydrogen sulfide.] The sulfur reacts 
quickly with elements in the surrounding environment. In doing so, it can create 
a very strong acid, sulfuric acid, that poses a major negative impact on the 
environment. 

We have been introduced to hydrogen earlier, but in context with its familiar 
partnering with oxygen — water. Although hydrogen plays an important and 
significant role in living organisms, it is not a major player in resource 
management when alone, except as affecting acidity. Though it is found 
throughout the biological world, it only has one binding site. It occurs as an 
appendage, connected to the other key chemical elements that have more than 
one site to which other atoms can be bound and affects the folding of molecular 
chains and thus the 3D structure of molecules. In the biosphere, its scarcity or 
abundance relates to its association with oxygen in the chemical compound 
water (H20). As we state over and over, balance is everything in nature. Even 
here, nature provides that excess hydrogen is balanced or buffered so as not to 
disturb the harmony that enables life for higher, more complex, organisms. 
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To create the necessary conditions for even the simplest life, early earth had first to 
lock up the excess H in mineral storage, another process that took billions of years 
(Krissansen-Totten, 2018). Over time, on land, soils provided the sealant, keeping 
the biosphere at a balanced or roughly neutral acidity. 

Our discussion of the key chemical elements of life should not mislead the reader 
with the notion that life required only the presence of these elements for 
self-assembly into the molecular building blocks of life. This is where prebiotic 
chemistry comes in. Moreover, it is here where the question of repeatability and 
restorability comes in. Did the initial assembly depend upon _prebiotic 
conditions? If so, then subsequent assembling becomes nearly impossible because 
these prebiotic conditions currently exist in few places on earth. Recent research 
suggests that much assembly through complex and as yet poorly understood 
abiotic processes had to occur before the building blocks could be constructed. 
These are processes that scientists estimate took hundreds of millions if not 
billions of years to occur. 

Just one example should serve to illustrate this point — how phosphorus, which 
most likely began its existence on earth in mineral form combined with oxygen, 
which as we have indicated above, was in its nonmolecular form scarce, to form 
phosphate (Schwartz, 2006). For phosphorus to function as a key component in 
life’s building blocks, it had to be freed from its mineral complex in rock, 
generally as apatite, commonly seen as a rock outcropping, and combined with 
oxygen (Schwartz, 2006). Most likely, weathering, volcanic activity, and the 
complex brewing of chemical mixtures in deep ocean vents freed these elements 
from their terrestrial graves, and water served to bring these substances together, 
facilitating the formation of phosphates (Abe, 2001; Schwartz, 2006). 

Remember that to be a key ingredient for building blocks of life, the chemical 
element or molecule (such as NH4*) must be present in very large quantities. 
Thus, an event occurring in a volcanic vent, a lightening-strike or similar event, 
had to be repeated countless times and result in more of the molecule in stable 
and in a potentially bioreactive state than its rate of decomposition. Although the 
event (the creation of the new molecule) is rare, over hundreds of millions of 
years, a rare event happens many times and the new molecule accumulates. Note 
the importance of the role of time in early earth, slowly and gradually changing 
the initial chemical state of the elements of life that were present in early earth 
into molecules that could be reassembled into life’s building blocks. The rocks 
and minerals we see and experience in our hikes and visits to wild lands are 
product of millions of years of transformation. To explore these prebiotic 
conditions that no longer exist on earth and to understand the processes that led 
to the rocks and minerals that may have occurred in early earth, scientists probe 
asteroids and comets. 


Appendix C 
Building blocks of life 


The building blocks of life, the basic molecules that life uses to build the 
components of cells, are amino acids, sugars, lipids, and nucleotides. 

Amino acids: There are 20 amino acids that comprise the building blocks of 
proteins and coded for in the genetic code. Each amino acid shares what are 
called amino and carboxyl groups. They differ by the moiety that is attached to 
each. Depending upon their sequence, they make different types of proteins for 
disparate functions. Proteins are used as structural components of cells, 
connectors of cells, a means for movement, a weapon in the immunological war 
on microbial invaders, and as a conveyer of information or signaler. 

Sugars: Sugars are the simplest group of carbohydrates, best known for the role 
in storing energy. They can comprise single molecules, such as glucose, or double 
molecules, such as sucrose, which contains a molecule of glucose and one of 
fructose. Sugars serve as the fuel for cellular biochemical reactions, as energy 
storage, as a component of DNA and RNA molecules, and even as signalers in 
intercellular communication. Different sugars are linked together to form energy 
storage units, such as starch, or larger structures on the surface of cells for 
communication and attachment. 

Lipids: Lipids are molecules composed of a charged group that can attract 
water and long carbon-containing chains that repel water. Cell membranes are 
made up of lipids that, because they repel water, cluster, creating a barrier 
between the outside water environment and the internal world of the cell. Lipids 
are the fat in fat cells, serving as energy-storage molecules. They are also the 
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basic building blocks for steroids that serve in communication both within the 
organism and without. 

Nucleotides: The nucleotides (five major ones) are the basic structural units 
of the genetic material of cells. They form long chains, DNA and RNA, the 
sequence of which stores information, the genetic code, that directs and 
regulates cells. 


Appendix D 
Ecosystem services 


Humans have known for thousands of years that natural systems — such as soils, 
forests, wetlands, and grasslands — provide us with food, fiber, and fuel, along 
with recreation and spiritual soothing. As civilizations have developed and 
populations have increased, we have converted these ecosystems in ways that 
benefit humans solely for the short run, such as for crops and food today versus 
water storage and flood mitigation tomorrow. In recent years, society has become 
aware that natural disasters are often the product of human intervention in the 
natural world; the loss of these lands begins to impair or detract from the human 
built environment. 

With expanding research and knowledge into how our natural systems work, 
scientists have begun to identify and quantify these benefits that they provide. 
Modern technology, especially computers, Geographic Information Systems, and 
new sensing technology have allowed us to quantify these benefits, which we call 
ecosystem services. With measurement and quantification, we have an analytical 
framework for comparing what the land, not just pristine landscapes but also 
lands altered for human benefit such as agricultural land, provides towards 
supporting human health and welfare. 

The World Health Organization (WHO) in a project in what is referred to as 
the Millennium Assessment created a roadmap for identifying, characterizing, 
and quantifying these services. It defines ecosystem services as the “combined 
physical and biological components of the environment. These organisms form 
complex sets of relationships and function as a unit as they interact with their 
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physical environment.’ It provides a useful taxonomy that combines physical and 
biological attributes of the landscape to distinguish supporting services that 
enable nutrient recycling, soil formation, and primary function. These supporting 
services, in turn, provide for provisioning, regulating, and cultural services. 
Examples of provisioning services are food, fresh water, and wood for fuel. 
Those under regulating services are climate, flood, and disease regulation, among 
others. And for cultural, examples of the services are aesthetic, spiritual, and 
recreational. 
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Glossary 


Acid — Any of various typically water-soluble and sour compounds that in solution 
are capable of reacting with a base to form a salt, redden litmus, and have a pH 
less than 7, that are hydrogen-containing molecules or ions able to give up a 
proton to a base, or that are substances able to accept an unshared pair of 
electrons from a base. 

Acre — 43,560 square feet (4,047 square meters) or 0.4 hectare. 

Aerobic — Occurring only in the presence of oxygen. 

Aesthetic — Pleasurable to the senses. 

Aggregate — Composed of mineral crystals of one or more kinds or of mineral 
rock fragments. 

Agriculture — The science, art, or practice of cultivating the soil, producing crops, 
and raising livestock and the preparation and marketing of the resulting products. 

Agro-environmental — Relating to the impact of agricultural practices on the 
environment. 

Air emissions — The release of various gasses and particles into the atmosphere. 

Amino acids — A carbon-based structure that functions as the building blocks 
for proteins. 

Ammonia — (NH3) A pungent colorless gaseous alkaline compound of nitrogen 
and hydrogen that is very soluble in water and can easily be condensed to a 
liquid by cold and pressure. 

Anaerobic — Occurring or existing in the absence of oxygen. 

Anthropocene Epoch — The period of time during which human activities have 
had a demonstrable environmental impact on the Earth that is regarded by 
some as constituting a distinct geological age. 
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Anthropomorphic — Having human attributes. 

Apatite — Any of a group of calcium phosphate minerals that are the chief 
constituent of phosphate rock. 

Aquifer — A water-bearing stratum of permeable rock, sand, or gravel. 

Atmospheric pool — Reservoirs of various substances (generally nitrogen, oxygen, 
argon, and carbon) in the atmosphere which can take or release these 
substances. 

Atom — The smallest particle of an element that can exist either alone or in 
combination with other atoms. 

ATP — (CioHi¢6N5013P3) Adenosine triphosphate is a phosphorylated nucleotide 
composed of adenosine and three phosphate groups that supplies energy for 
many biochemical cellular processes. 

Azospirillum bacteria — A species of bacteria that is able to fix nitrogen in 
environments lacking oxygen. 

Base — Compounds that in solution that have a pH greater than 7, the opposite 
of acid. 

Base flow — (1) The lateral movement of the water table. (2) The portion of the 
streamflow that is sustained between precipitation events. 

Bedrock — The solid rock underlying unconsolidated surface materials (such as 
soil). 

Bioavailable — The amount of an element or compound that is accessible to an 
organism for uptake or adsorption across its cellular membrane. Almost 
exclusively, plant roots and soil organisms uptake contaminants that are 
dissolved in water. 

Biogeochemical pools — Reservoirs of substances in the Earth’s crust, and oceans, 
soils, and terrestrial matter, and the atmosphere that have the capacity to both 
take in and release substances. 

Biology — A branch of knowledge that deals with living organisms and vital processes. 

Biomass — The amount of living matter (as in a unit area or volume of habitat). 

Bioreactive — Biologically or biochemically reactive. 

Bioreactors — A vessel that carries out a biological reaction and is used to culture 
anaerobic cells for conducting cellular or enzymatic immobilization. In 
conservation bioreactors a designed to promote denitrification of 
nitrate-rich water. 

Biosphere — The part of the world in which life can exist. 

Biotic — Related to living things, the opposite of abiotic (nonliving). 

Canopy — The uppermost spreading leafy or branchy layer of vegetation. 

Canopy interception — The catching or stopping of precipitation by the uppermost 
spreading leafy or branchy layer of vegetation. 

Capillary action — The action by which the surface of a liquid where it is in contact 
with a solid (as in a capillary tube) is elevated or depressed depending on the 
relative attraction of the molecules of the liquid for each other and for those 
of the solid. 
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Carbon — The nonmetallic chemical element with atomic number 6 that readily 
forms compounds with many other elements and is a constituent of organic 
compounds in all known living tissues. 

Carbon cycle — The cycle of carbon in the Earth’s ecosystems in which carbon 
dioxide is fixed by photosynthetic organisms to form organic matter, travels 
through biogeochemical pools, and is ultimately returned to its gaseous state 
(by respiration, protoplasmic decay, geologic processes, or combustion). 

Carbon pools — Reservoirs of carbon that have the ability to release or take in 
carbon for various and varying periods of time. 

Carbonaceous — Relating to, containing, or composed of carbon. 

Catchments — An area in the landscape, most often within a watershed, that catches 
water from precipitation. 

Chemical — A substance with a distinct molecular composition that is produced by 
or used in a chemical process. 

Chemical bond — Any of several forces, by which atoms or ions are bound in 
a molecule. 

Chemistry — The science that deals with the composition, structure, and properties 
of chemical substances and with the transformations that they undergo. 

Climate — Average pattern of weather for a particular region over a substantial 
number of years. 

Climate change — Significant and long-lasting change in the Earth’s climate and 
weather patterns. 

Colloid — A substance that consists of particles dispersed throughout another 
substance which are too small for resolution with an ordinary light 
microscope but are incapable of passing through a semipermeable membrane. 

Colloidal particles — The particles that are suspended within a colloidal substance. 

Combustion — An unusually rapid chemical process (such as oxidation) that 
produces heat and usually light. 

Conservation — The careful preservation and protection of something, especially 
the planned management of a natural resource to prevent exploitation, 
destruction, degradation, or neglect. 

Continental shelf — A shallow submarine plain of varying width forming a border 
to a continent and typically ending in a comparatively steep slope to the deep 
ocean floor. 

Contour farming — The practice of tilling sloped land along lines of equal 
elevation to conserve rainwater and to reduce soil losses from surface erosion. 

Cover crops — Plants that are grown for the purpose of covering the soil to manage 
soil erosion, soil fertility, soil quality, water, weeds, pests, diseases, 
biodiversity, and wildlife, and not with the primary purpose of being harvested. 

Crop residue — Materials left behind on the soil after a crop is harvested. 

Crop rotations — The system of varying successive crops in a definite order on the 
same area of land, especially to avoid depleting the soil and to control weeds, 
erosion, and pests and to reduce fertilizer use. 
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Crustal pool — Reservoirs of various substances (generally carbon, nitrogen, and 
phosphorus) in the Earth’s crust which can take or release these substances. 

Dam - A barrier constructed to hold back water and raise its level, forming 
a reservoir. 

Dead zones — Areas with low levels of oxygen that fail to support marine life. 

Deforestation — The removal or destruction of forests and conversion to other uses. 

Denitrification — Microbially facilitated process where nitrate (NO3) is reduced 
and ultimately produces molecular nitrogen (N2) through a series of 
intermediate gaseous nitrogen oxide products. 

Desiccation — Removal or loss of moisture. 

Diazotrophs — Single-celled organisms that can convert nitrogen from the air 
into ammonia. 

Dipolar molecules — A molecule that has two ends with opposing positive and 
negative charges. 

Disapparate — To disappear magically. 

DNA -Deoxyribonucleic acid, a long-chained molecule, often in the structure of a 
double helix, that contains the genetic instructions for single- or multi-cell 
organisms or even some viruses. 

Drought — A prolonged period in which there is a lack of precipitation and water 
accompanied with the presence of dryness. 

Dry matter — The mass of a substance when completely dried. 

Ecology — The study of organisms, their environments, and the interrelations 
between them. 

Ecosystem — A biological community of interacting organisms and their 
physical environment. 

Element (or chemical element) — The chemical substances that cannot be broken 
down using chemical reactions and whose atoms all have the same number of 
protons, often presented in a tabular array called the Periodic Table of Elements. 

Environment — The complex of physical, chemical, and biotic factors (such as 
climate, soil, and living things) that act upon an organism or an 
ecological community. 

Ephemeral stream — A temporary stream that only appears during and directly 
following a period of precipitation. 

Equilibrium — State in which a process and its reverse occur at equal rates whereby 
no overall change takes place. 

Erosion — The gradual geological process in which materials, particularly soil, are 
worn away and transported by natural forces such as wind or water. 

Estuary — The tidal mouth of a river, where the ocean tide meets the stream, home 
to unique plant and animal communities that have adapted to brackish water — a 
mixture of fresh water draining from the land and salty seawater. 

Eutrophication — Excessive richness of nutrients in a lake or other body of water, 
frequently due to runoff from the land, causing a dense growth of plant life and 
subsequent death animal life from lack of oxygen. 
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Evaporation — The process of turning a liquid into a gaseous vapor. 

Evapotranspiration — The process by which water is transferred from the land to 
the atmosphere by evaporation from the soil and other surfaces and by 
transpiration from plants. 

Fauna - All of the animal life of a particular region, habitat, or geological period. 

Feed grains — Cereal grains that used to feed livestock. 

Fertilizer — Any substance used to fertilize the soil, especially chemical nutrients, 
particularly those containing reactive nitrogen or bioavailable phosphorus. 
Floodplains — An area of low-lying ground adjacent to a river, formed mainly of 

river sediments and subject to flooding. 

Flood — An overflow of water that submerges land that is usually dry. 

Flora — All of the plant life of a particular region, habitat, or geological period. 

Fossil fuel — A natural fuel such as coal or gas, formed in the geological past from 
the remains of living organisms. 

Frankia — A genus of bacteria that fix nitrogen. 

Fungi — Any of a group of spore-producing organisms feeding on organic matter, 
including molds, yeast, mushrooms, and toadstools. 

Fungicide — A chemical that kills fungi. 

Gas — One of the three states of matter, the others being solid and liquid, that has no 
definite volume or definite shape. 

Genetic diversity — The total genetic characteristics in the genetic makeup of a 
specific species. 

Gigaton (or gigatonne) — One billion metric tons (metric ton = 1000 kilograms). 

Grass filter — A strip of dense herbaceous vegetation and grass, that filters runoff 
and removes contaminants before they reach water bodies or water sources, 
such as wells. Sometimes called grass buffer. 

Gravity — The natural force that causes objects to fall towards the Earth due to the 
physical attraction of the mass of the Earth for bodies at or near its surface. 

Greenhouse gas — A gas that absorbs and emits radiant energy within the 
thermal infrared range that causes heat to be trapped within the Earth’s 
atmosphere. 

Groundwater — Water present underground in soil or in pores and crevices in rock. 

Guano — The excrement of seabirds and bats, sometimes used as fertilizer. 

Hazardous waste — Any industrial by-product, often from the manufacture of 
chemicals, that is destructive to the environment or dangerous to the health 
of people or animals. 

Heat — The kinetic energy associated with the random motion of the molecules, 
atoms, or smaller structural units of which matter (solid, liquid, and gas) is 
composed. 

Hectare — 10,000 square meters or 2.471 acres. 

Herbicide — A substance that is toxic to plants used for destroying unwanted 
vegetation. 

Humidity — A quantity representing the amount of water vapor in the air. 
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Humus - The organic component of soil, formed by the decomposition of leaves 
and other plant material by soil microorganisms. 

Hydrologic cycle — See water cycle. 

Hydrologist — A scientist who researches the distribution, circulation, and physical 
properties of the Earth’s underground and surface waters. 

Hydronium — H;0°, a positively charged ionic compound, the concentration of 
which determines the pH or acidity of a solution. 

Hypoxia — A very low level of oxygen, as in an organic environment. 

Hypoxic zones — Areas in which there is not adequate oxygen supply often 
resulting in the death of marine animals and plants. 

Ice age — An extended period of reduction of the Earth’s temperature, characterized 
by extensive glaciation and ice sheets. 

Inert — A substance that is not reactive under normal conditions. 

Infiltration — Is the process by which water on the ground surface enters the soil. 

Inorganic — Not consisting of or deriving from living matter and therefore not 
containing of carbon. 

Insecticide — A chemical or substance used to kill insects. 

Interception — Precipitation that does not reach the soil, but is instead intercepted 
by the leaves, branches of plants, and the forest floor. 

Intermittent stream — Is a seasonal stream that ceases to flow during seasons. 

Ion — Anatom or molecule with a net electric charge due to the loss or gain of one or 
more electrons. 

Irrigation — The process of applying controlled amounts of water to plants at 
needed intervals. 

Karst — Area of land consisting of limestone characterized by underground 
passages, caves, and sin.kholes. 

Labile — Easily broken down. 

Lateral movement — Water movement along or below the land surface towards 
a waterway. 

Law of conservation of mass — Chemical law that says that the total mass of a 
chemical element always remains constant, with matter never created or destroyed. 

Legumes — A plant that is a member of the pea family, typically associated with 
fixing nitrogen from the atmosphere. 

Leguminous — Relating to or denoting plants of the pea family. 

Levee — An embankment built along a river intended to prevent the overflow of a 
river onto the floodplain. 

Lipids — Any of a class of organic compounds that are fatty acids or their 
derivatives and are insoluble in water but soluble in organic solvents, 
including many natural oils, waxes, and steroids. 

Liquid — A state of matter that has definite volume but not definite shape. 

Logarithm — A quantity representing the power to which a fixed number (the base) 
must be raised to produce a given number. 

Macroorganism — A multi-celled organism, often visible with the naked eye. 
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Manure — Animal waste, can be used for fertilizing crops. 

Mass -A property that represents the quantity of matter, particularly in a sample, or 

the number of atoms of a chemical element involved in a chemical reaction. 

Matrix — A surrounding medium or structure. 

Microbial — Relating to or characteristic of a microorganism, especially 

a bacterium. 

Micron — A unit of length equal to one thousandth (107°) of a millimeter or one 

millionth (1076) of a meter. 

Microorganism — Any organism that is too small to be seen with the naked eye, 

generally single-celled. 

Mineralize — Convert (organic matter) wholly or partly into a mineral or inorganic 

material or structure. 

Mitigation — The reduction in harmful effects of some thing or action. 

Mole — A mole, a term used in chemistry, is defined as exactly 6.02214076x 10” 

particles and serves as unit for the amount of substance in the International 

System of Units (SI). 

Molecules — A group of atoms bonded together, representing the smallest 

fundamental unit of a chemical compound that can take part in a chemical reaction. 

Natural resource — Materials or substances such as minerals, forests, water, and 

fertile land that occur in nature and that can be used for personal, social, or 

economic gain. 

Nitrate — NOs, a nitrogen compound that is a common component in fertilizer and 

soluble in water. 

Nitrogen — The 7th element on the periodic table, that is a gas at room temperature, 

making up a large percentage of the Earth’s atmosphere. 

Nitrogen cycle — The biogeochemical cycle by which nitrogen is converted into 

multiple chemical forms as it circulates among atmosphere, soil, terrestrial, 

and oceanic pools. 

Nitrogen fixation — The chemical processes by which atmospheric nitrogen is 
assimilated by certain microorganisms into organic compounds, as part of the 
nitrogen cycle. 

itrogen pools — Reservoirs of nitrogen which can receive or release nitrogen. 

onpoint source pollution — Pollution resulting from diffuse sources, generally 
not traceable to a discrete source, such as a smokestack or drainpipe. 

Nucleotides — A compound consisting of a nucleoside linked to a phosphate group, 

forming the basic structural unit of nucleic acids such as DNA. 

Nutrient — A substance that provides nourishment essential for growth and the 

maintenance of life. 

Nutrient cycling — The cyclic movement and exchange of nutrients from 
organic and inorganic matter into the production of organic matter and back 
again. 

Organic — Relating to or derived from living matter and/or carbon. 

Organism — An individual animal, plant, or single-celled life form. 
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Overland flow — The flow of water occurring along the ground surface when 
excess rainwater, stormwater, meltwater, or other sources cannot infiltrate 
into the soil. 

Oxidation — The loss of electrons by an atom or a molecule in a chemical reaction 
often to the chemical element oxygen. 

Peak flow — The maximum rate of stream flow during the period of runoff caused 
by a storm. The highest water level after a storm. 

Perennial stream — A stream, river, or channel which flows throughout the year. 

Permafrost — A thick subsurface layer of soil that remains frozen throughout the 
year, occurring chiefly in polar regions of the planet. 

Permeability — The state or quality of a material or membrane that allows liquids or 
gases to pass through it. 

pH - A figure expressing the acidity or alkalinity of a substance on a logarithmic 
scale on which 7 is neutral, with lower values being more acid and higher 
values more alkaline. 

Phosphate — PO,* is a chemical moiety (part of another molecule) that contains 
the chemical element phosphorus, and that is crucial to energy processes in 
living organisms. 

Phosphorus — The chemical element of atomic number 15 that rarely occurs alone 
but generally in association with oxygen atoms. 

Phosphorus cycle — The biogeochemical cycle by which phosphorus is converted 
into multiple chemical forms as it moves among soil, terrestrial, and 
oceanic pools. 

Phosphorus pools — Reservoirs of phosphorus which can take or release 
phosphorus. 

Photosynthesis — The process by which green plants and some other organisms 
that contain the pigment chlorophyll capture solar energy to synthesize 
sugars from carbon dioxide and water. 

Physical state — Arrangement of atoms or molecules in matter: solid, liquid, or gas. 

Policy — A course or principle of action adopted or proposed by a government, 
party, business, or individual. 

Pollution — The presence in or introduction into the environment of a substance or 
thing that has harmful or poisonous effects. 

Porous — The quality of having minute spaces or holes through which liquid or air 
may pass. 

Prairie — Temperate grassland and savanna ecosystems with productive soils 
well-suited for crop and livestock production. 

Prebiotic — Existing or occurring before the emergence of life. 

Protein — Large molecules that are made up of one or more chains of amino acids. 

Reactive — The tendency of a chemical to interact with itself or another chemical 
with an overall release of energy. 

Reforestation — The process of replanting an area with trees. 

Repeatability — The ability to replicate the results of an experiment. 
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Reservoir — A large natural or artificial lake used to store and supply water or a 
pool of a substance or material. 

Resource management — Manner in which societies manage the supply of or 
access to the resources upon which they rely for their survival and 
development, generally used in reference to, natural resources. 

Restorability — Quality of being able to be restored or reclaimed. 

Retention — The continued possession, use, or control of something. 

Rhizobia — Bacteria that fix nitrogen inside root nodules of legumes. 

Riparian forest buffer — A forested area adjacent to a stream, which intercepts and 
filters runoff from upland lands and helps shade the stream. 

rN -reactive nitrogen. 

Rod Serling — An American writer and television producer known for the 
television series, The Twilight Zone. Said, “Offered for you consideration.” 

Root nodules — A part of the roots of a plant, often legumes, that form symbiosis 
with nitrogen-fixing microorganisms. 

Runoff — The flow of water occurring on the ground surface when excess 
rainwater, stormwater, meltwater, or other sources, can no longer infiltrate 
into the soil. 

Saturation — The state or process that occurs when no more of a substance can be 
absorbed, combined with, or added. 

Sediment — Soil that is moved by erosion and deposited in a new location, often in 
ditches, rivers, lakes, streams, and other water bodies. 

Soil — A dynamic natural medium consisting of mineral particles, air, water, and 
organic matter and living organisms that is the site of essential regulatory 
processes in ecosystems. 

Soil exposure — Exposure of soils to erosive forces from wind and water. 

Soil infiltration — The process by which water on the ground surface enters 
the soil. 

Soil salinization — The process by which water-soluble salts accumulate in the soil. 

Soil texture — The relative content of particles of various sizes, such as sand, silt, 
and clay in the soil. 

Solar energy — Radiant energy emitted by the sun or the energy from the sun that 
strikes the Earth. 

Solid — A state of matter that has definite shape and volume. 

Soluble — Able to be dissolved, in this text dissolved in water. 

Stable — The element or compound resistant to change into another form. 

Stream flow — The flow of water in streams, rivers, and other channels. Also the 
rate or volume of flow. 

Stomata — Any of the minute pores in the epidermis of the leaf or stem of a plant, 
forming a slit of variable width, which allows the movement of gases in and out 
of the intercellular spaces. 

Strata — A series of layers of soil or rock in the ground or Earth’s subsurface. 

Sub-surface flow — The flow of water beneath the Earth’s surface to waterways. 
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Sugar — Any of the class of sweet-tasting, carbon-containing, water-soluble 
molecules that comprise carbohydrates, of which sucrose (table sugar) is best 
known, and which are the primary products of photosynthesis. 

Surface ditches — Ditches or channels used to facilitate the drainage of water. 

System — A set of things working together as parts of an interconnecting network. 

Temperature — The degree or intensity of heat present in a substance or object, 
especially as expressed according to a comparative scale and shown by a 
thermometer or perceived by touch. 

Terrestrial pools — Reservoirs of various substances (especially carbon, nitrogen, 
and phosphorus) on the surface or upper layer of Earth generally associated 
with soil, flora, and fauna. 

The Commons - Land or resources not controlled by a single entity but belonging 
to or affecting a broad population. 

Tile drainage — A system of subsurface perferated pipe, laid 3 to 6 feet below the 
ground surface, that is installed to drain water from cropland into drainage 
ditches or streams to improve suitability for cropping. 

Tillage — The mechanical manipulation of soil for any desired purpose, but 
generally in agriculture referring to the disturbing of the soil in preparation 
for planting. 

Timescale — The time involved in a process or sequence of events. 

Transpiration — The process of water movement through a plant and its 
evaporation from aerial parts. 

Volatilization — The process whereby a dissolved sample transitions from a liquid 
phase to a vapor phase. 

Water cycle — The cycle of processes by which water circulates among the Earth’s 
oceans, atmosphere, soils, and land, involving precipitation as rain and snow, 
drainage in streams and rivers, and return to the atmosphere by evaporation 
and transpiration. 

Watershed — Area encompassing land upon which rain or snowmelt falls and is 
transported to creeks, streams, rivers, and eventually to outflow points such 
as reservoirs, bays, and the ocean. 

Weathering — The various mechanical and chemical processes that cause exposed 
rock to decompose. 

Wetland — A distinct ecosystem characterized by flooding by water, either 
permanently or seasonally, and where low oxygen or anoxic processes prevail. 


The definitions are drawn from the sources listed, but numerous definitions have 
been refined to reflect their specific meanings in environmental management and 
how they are used in the text. 


Dictionary.com (2020). https://www.dictionary.com (accessed 28 August 
2020). 
NASA (2020). https://www.nasa.gov (accessed 28 August 2020). 
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Brady (1974). The Nature and Property of Soils, 8th edn. Macmillan Publishing 
Co. Inc., New York, USA. 

Haynes R. J. (2005). Labile Organic Matter Fraction as Central Components of 
the Quality of Agricultural Soils: An Overview in Advance in Agronomy, Vol. 85. 
Donald Sparks (ed.) Elsevier Academic Press, New York, pp. 221-263. 

Wikepedia (2020). https://en.wikipedia.org (accessed 28 August 2020). 

Rowlings J. K. (1993). Harry Potter and the Order of Pheonix. 

Chemicool (2020). https://www.chemicool.com (accessed 28 August 2020). 

National Geographic (2020). https://www.nationalgeographic.org (accessed 28 
August 2020). 

Merriam-Webster (2020). https://www.merriam-webster.com (accessed 28 
August 2020). 
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Examples are given that highlight principles and processes in a way that those without an 
agricultural background, can understand, and herein lies the strength and value of this book 
for a broader, yet critically important audience. | recommend this book as an excellent, clear, 
and concise overview of complex environmental sciences, their management, and the role 
all of us have in protecting them for the benefit of future generations.” 

Dr. Andrew Sharpley, Distinguished Professor, Department of Crop, Soil, and Environmental Sciences, 


Division of Agriculture, University of Arkansas, Fayetteville, AR 


In this human-dominated “Anthropocene Epoch,” how does one protect and 
manage scarce environmental resources? 


This book uses plain language to introduce the non-expert to the fundamentals of environmental 
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k. The method chosen to test this 
framework is by means of a case study, namely the crippling drought that was 
experienced in Cape Town in South Africa from 2015 to 2018. The three main 
components of the options evaluation framework are listed below and illustrated 
in Figure 8.1. 


Building resilience in water supply infrastructure in the face of future 203 


Case Study: The recent drought 
in Cape Town, South Africa 


t 


Water 


supply 
options 


Options 
Evaluation 


Framework 
Scenario luation 
Paths Criteria 


Three scenarios evaluated Evaluated using Analytical 
via a sensitivity analysis Hierarchy Process (AHP) 


Figure 8.1 Options evaluation framework. 


The components of the framework are: 


(1) 


Q) 


(3) 


(4) 


Water Supply Options: The focus will be on four water supply options that 
were considered by local officials in Cape Town during the drought to test 
the framework. 

Evaluation Criteria: Six key evaluation criteria will be used to assess the 
options using the Analytical Hierarchy Process (AHP) method. The AHP 
is an additive MCDA method that generates a single score for each 
alternative which enables options to be directly comparable to each other 
(Ainger & Fenner, 2014). This approach has been widely utilised for 
urban water system analysis as it considers multiple criteria in a 
decision-making environment which improves the analytical rigor of the 
process (Hajkowicz & Collins, 2007; Lai et al., 2008). A complex 
decision problem is expressed as a hierarchy, as shown in Figure 8.2, 
whereby the overall objective of the decision lies at the top of the 
hierarchy and the criteria affecting the decision and the alternatives lie on 
each descending level (Fong & Choi, 2000). 

AHP is based on the pairwise comparison of criteria/alternatives with 
respect to criteria whereby decision-makers are asked to express 
preference for one option over another using the Fundamental Scale 
developed by Saaty (1987). 

Scenario Paths: Rather than establishing real stakeholder preferences from 
primary field work that would provide context to the situation on the ground 
in Cape Town, a sensitivity analysis is conducted to assess how the results 
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Figure 8.2 Hierarchical structure of the AHP (adapted from Saaty, 1987). 


of the AHP change when the weights of the criteria are altered. This is 
conducted through the lenses of three ‘perspectives’ derived from the 
cultural theory of Thompson (1988) and adopted by Hoekstra (2000) for 
the field of water management. Key themes from the Hlierarchist, 
Egalitarian and Individualist perspectives will be explored and adapted 
for the area of water supply management. 


8.2 THE DROUGHT IN CAPE TOWN 


2017 was one of the driest years on record in recent decades in Cape Town, 
following two successive dry winters in 2015 and 2016, in what scientists are 
referring to cumulatively as a 1-in-300-year event (Wolski, 2018). In January 
2018 ‘Day Zero’, the point when water levels in the reservoir system reach 
13.5% of capacity and taps are turned off, was originally calculated to fall on the 
12th of April (DWS, 2018). However, following a rise in reservoir levels due to 
well overdue rainfall, Cape Town averted a crisis that could have made them the 
first major city in the modern era to run out of water (McKenzie & Swails, 2018). 


8.2.1 Water resources 


Cape Town is serviced by the Western Cape Water Supply System (WCWSS), 
which is an integrated system of 14 dams, pump stations, pipelines, canals and 
tunnels (Basholo, 2016). Approximately 88% of the system’s water comes from 
surface runoff from mountain catchments with the remaining 12% coming from 
various augmentation schemes such as the Atlantis groundwater aquifer recharge 
scheme (DWS, 2018). The majority of rain falls during the winter months 
between May and September and therefore it is crucial to store water to meet the 
demands of the whole year, particularly during the drier summer months (Mauck, 
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2017). The total dam storage capacity is approximately 900 Mm, with the six major 
dams — the Theewaterskloof, Voélvlei, Berg River, Wemmershoek and the Steenbras 
Upper and Lower dams — storing 99.6% of the systems raw water (Mauck, 2017). The 
WCWSS has an unconstrained annual yield of approximately 570 Mm, of which 
Cape Town is allocated a maximum of 399 Mmša 1 (Currie et al., 2017). 
Twenty-nine and 7% of the remaining annual yield is allocated for agricultural use 
and to other municipal areas respectively (DWS, 2018). 

Due to the heavy reliance of the WCWSS on surface water storage for its supply, 
dam levels have been closely monitored for many years. Historically, for the first 
few months of the year during the summer dam levels drop and then increase 
mid-year during the rainy season. According to research conducted by the DWS, 
at the beginning of 2018 dam levels were 15.5 and 24.4% lower than at the same 
point in 2017 and 2016 respectively. In March 2018 total dam storage levels were 
at 22.9%, however by the middle of May 2018 the gap had closed and the current 
dam storage levels, as at July 2018, were 56.4% (City of Cape Town, 2018). 


8.2.2 Water system vulnerabilities 


The following section will assess the changing patterns of risk accumulation which 
influenced aspects of the risk equation and invariably contributed to the severity of 
the water crisis. 


8.2.2.1 Climate variability 


Cape Town has a Mediterranean climate with maximum summer temperatures of 
26.9°C and winter temperatures ranging from 9.1 to 17.7°C (Tadross & Johnston, 
2012). Mean annual rainfall is relatively low at approximately 700 mm/y and has 
become erratic over the last few years with the city experiencing irregular 
episodes of hydrological drought, including between 1986 and 1988, 2000 and 
2001, 2004 and 2005 and more recently 2015 and 2018 (Mukheibir & Ziervogel, 
2007). 

Predicting rainfall for the Western Cape has proven to be a difficult task, with 
premier forecast institutions such as the European Centre for Medium-Range 
Weather Forecasts and the International Research Institute for Climate and 
Society failing to provide accurate forecasts (Wolski et al., 2017). This is mainly 
because of the relationship between El-Niíio, which brings the drought to South 
Africa, and La Nifia episodes, which brings wet conditions, and the Western 
Cape’s winter rainfall patterns is weak and inconsistent (Wolski et al., 2017). 
‘The well-below-average rainfall of 2016 and 2017 occurred during a weak La 
Nifia and a weak EI-Nifio respectively. This does not reflect the expected 
El-Nifio-rainfall relationship’ (Wolski et al., 2017). Research conducted by the 
University of Cape Town suggests that future climatic projections show a shift 
towards a drier, more drought-prone climate which means that the possibility of 
extreme drought events are also increasing (Wolski ef al., 2017). 
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8.2.2.2 Population growth and urbanisation 


Cape Town’s population has grown by an estimated 3% since 2011 and 52% since 
1996, when the population was just over 2.5 million people (Currie et al., 2017). The 
increasing demand for water has put pressure on the current water supply system, 
whose capacity has not increased to match the growing population, and made the 
city increasingly vulnerable to water scarcity (DWAF, 2009). 


8.2.2.3 Water supply and demand management 


Based on low rainfall levels in 2004—2005, the DWS issued the city with a warning 
in 2007 stating that new water sources would be required by 2015 (Olivier, 2017). 
The CCT implemented several successful demand management initiatives to 
conserve water and reduce inefficiencies in the system (Sousa-Alves, 2015). 
These included plumbing leak detection and meter repairs, pipe replacement, 
pressure reduction, water restrictions or load shedding, stepped tariffs and user 
education programmes (City of Cape Town, 2017b). A review of these strategies 
found that water loss reduced from 23.7% in 2009/2010 to 14.7% in 2013/2014 
(Sousa-Alves, 2015). 

However, the only significant addition to the WCWSS since 1995 has been the 
Berg River dam, which increased storage capacity by 14% by adding 130 Mm? of 
the total 900 Mm? capacity (Bohatch, 2017). It could therefore be deduced that the 
success of these demand management strategies effectively delayed the need to 
develop more storage capacity in the form of dams, which was to the city’s 
detriment in the face of a 1-in-300-year drought. 


8.2.2.4 Water pricing and social inequality 


Post-apartheid, the new South African constitution in 1994 guaranteed water as a 
human right (RSA, 1996). The three-step block tariff structure introduced in Cape 
Town in the 1960’s was replaced by a five-step block tariff in 1998 (Smith, 
2004). The motivation for block tariffs was ‘to meet the constitutional obligation 
of ensuring a pro-poor tariff by cross-subsidizing low-end users through high 
rates to high-level users' (Smith, 2004). Further motivated by social equity 
concerns, the Free Basic Water policy was introduced in 2001 to provide 6 
kilolitres of water per month to every household regardless of income level or 
size at no cost — one of a handful of such policies in the world (Szabó, 2015). 
Together, the water tariff subsidies the first 6 kilolitres by increasing prices in the 
remaining steps of the tariff. Based on an estimation of 50 litres per capita daily 
and assuming a nuclear family structure of four people, mostly prevalent among 
affluent communities, the downside of the pro-poor policy is that it increases the 
price of water for households of more than five people, which is the norm in 
many informal settlements (Smith, 2004). So much so that although the informal 
settlements are densely populated, they only consume about 546 of the city's total 
water supply (Dawson, 2018). 
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Furthermore, the provision of affordable water to households requires not only 
determining the price of water but also developing the infrastructure for piped 
water and sanitation. Reports suggest that 99.8% of households have ‘access to 
piped water inside the dwelling or yard or within 200 metres from the yard’ (City 
of Cape Town, 2017a). Due to personal safety concerns, issues of overcrowding 
and malfunctioning water points, access to water may be reduced for people who 
are required to leave their dwellings (Currie et al., 2017). This delineation 
suggests that 87.3% of households in the city have access to water inside the 
dwelling or yard (Currie et al., 2017). 

The drought has had polarising impacts on the cities affluent and poor. Whilst the 
poor are accustomed to queuing for free water at scarce communal taps within their 
settlements, the affluent have resorted to drilling boreholes to create their own 
private supplies of water, thereby going off-grid (Sieff, 2018). The city estimates 
that approximately an additional 20 000 boreholes have been drilled during the 
drought, and has little knowledge on what environmental impacts the often 
unregulated, decentralised drilling will have on groundwater levels (Cheslow, 
2018). This will have dire knock-on effects on the provision of free water to 
those that depend on it the most. Removing the households that consume larger 
volumes of water from the equation means that it will be harder to generate 
enough revenue to subsidise water, further marginalising the poor (Cotterill, 
2018). Cape Town bears the legacy of apartheid through high levels of inequality 
in access to water. Inequity plays out in water access very obviously, and 
highlights that water and social justice are intrinsically linked. The drought has 
demonstrated that the crisis is not only about a physical water scarce city but also 
that it is a product of water apartheid (Dawson, 2018). 


8.2.2.5 Invasive alien plants species 


These are a great threat to Cape Town's water security and climate resilience. It is 
estimated that invasions by alien trees, such as pines, wattles and eucalyptus, are 
diminishing water resources by using water yields of 38 Mm? per annum (104 
MLD) which substantially impact the WCWSS (Singels et al., 2018; Slingsby 
and Botha, 2018). Aside from depleting the water supply, they also intensify 
wildfires, reduce agricultural productivity and threaten globally significant 
biodiversity (Singels et al., 2018). 


8.2.3 Demand management 


‘Day Zero’ was not avoided by chance. There had been a steady decrease in water 
demand since 2011 amidst long-standing drought fears and subsequent successful 
demand management initiatives. As a result, Cape Town consumed 315 Mm? a! 
of its allocation in 2014, down 2.18% from 320 Mm? a^! in 2013 (Currie et al., 
2017). The severity of the drought prompted the City of Cape Town (CCT) to 
develop a two-phase disaster management plan in the event that dam levels were 
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to drop to an extent that they could no longer sufficiently provide water to the 
metropolitan area (DWS, 2018). 

Restrictions were gradually enforced from December 2015 till February 2018, 
when the city implemented Phase 1 of the plan whereby Level 6B restrictions 
were put in place which required 4596 of savings for urban users (DWS, 2018). 
Individuals were restricted to 50 litres per capita per day, resulting in a total 
restricted allocation of 450 MLD for the entire system, which was a vast contrast 
from the peak summer consumption of 1200 MLD in 2015 (DWS, 2018). From a 
social perspective, 50 litres of water per day entails less water for personal 
hygiene and basic amenities such as cooking and cleaning. The use of grey water 
from a household's baths, showers and washing machine as an ancillary source of 
water for toilet flushing and gardening was encouraged (Western Cape 
Government, 2018). 

Aside from restricting demand which saw ‘one of the most drastic civic water 
conservation campaigns ever conceived' (Cotterill, 2018), once allocations were 
reached in January, DWS (2018) stopped releases to irrigation boards thus 
reducing drawdown from the system. Furthermore, a sizeable transfer of 10 
billion litres of water in February 2018 from the Groenland Water Users' 
Association in the adjacent Elgin and Grabouw catchment region helped increase 
dam levels (eNCA, 2018). 


8.2.4 Long-term solutions — supply augmentation 


The city has accepted that in order to ensure the resilience of the WCWSS against 
future drought crises, it needs to invest in diversified supply sources which reduces 
its reliance on rainfall runoff and dam storage (DWS, 2018). Cost considerations 
factor strongly in the equation whereby an appropriate balance between the cost 
of water and the assurance of supply will have to be found (DWS, 2018). The 
opportunity cost of investing in infrastructure that is not used is high in South 
Africa (Cotterill, 2018). The supply augmentation options evaluated by local 
authorities in Cape Town 2018 which form the focus of this chapter are: (1) 
desalination, (ii) groundwater augmentation, (iii) wastewater reuse and (iv) 
surface water transfer. 


8.3 OPTION CHARACTERISATION ANALYSIS 


By responding to uncertainties related to the impacts of climate change and an 
increasing demand, well considered water resource strategies have the 
opportunity to set the policy direction for managing supply and demand into the 
future. This work tests the options evaluation framework set out in Figure 8.1 
using the key resilience-building criteria defined in Figure 8.3, which includes 
both qualitative and quantitative criteria, to analyse the four water supply options 
being considered by the CCT. 
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Figure 8.3 Key evaluation criteria. 


The six key evaluation criteria were selected via a rigorous process which 
narrowed them down from an exhaustive list of criteria. This process was based 
on two important factors. First, the aim of the framework is to provide resilient 
and adaptive water-supply solutions to enhance the security of water systems. 
Second, by carefully considering the context in Cape Town, it was important to 
select criteria that were believed to be critical to the decision-making process. 
The criteria selected were yield, cost per unit of water, resilience, environmental 
impacts, social considerations and ease of implementation. The following 
sections define and analyse each of the six criteria against the four options. 


8.3.1 Criteria 1 (C1): yield (m?/day) 

Determining the functional yield of each of the options is based on a range of 
different factors including economies of scale and safe environmental extraction 
limits, as discussed below and summarised in Figure 8.4. 


8.3.1.1 Option 1: desalination plant 


Desalination plant capacity is a major cost factor that needs to be considered. Large 
capacity plants, which are those that have capacity greater than 50 000 m?/day 
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Figure 8.4 C1: yield (m?/day). 


(18 Mm? per annum) (Caldera and Breyer, 2017), require a high capital 
investment and more energy compared to smaller capacity plants (Younos, 
2005). However, due to economies of scale, unit production costs for larger 
plants can be lower than smaller plants due to the operation and management 
costs associated with producing the water (Zhou & Tol, 2005). A feasibility 
study conducted in 2017 to assess desalination plant options in Cape Town 
highlighted the potential of a 150 000 m?/day (54 Mm? per annum) Seawater 
Reverse Osmosis (SWRO) desalination plant (Bosman, 2017). It is important 
to note that while desalination is scalable, this may not be the case within the 
duration of a drought. 


8.3.1.2 Option 2: groundwater augmentation scheme 


Groundwater is seen as a valuable resource in the Western Cape due to its vast 
potential for storage, however it is largely underutilised for bulk water supply, 
making up only 1.796 of the water supplied to the CCT (Mauck, 2017). The 
city's groundwater resources include the Atlantis Aquifer, the Cape Flats Aquifer 
(CFA) and the Table Mountain Group (TMG) Aquifer. Considering the combined 
extraction volumes of the three separate schemes, the total scale of the 
Groundwater Augmentation Scheme is in the range of 125 000 m? /day (45 Mm? 
per annum), which is discussed in more detail below. 


(1) Atlantis Aquifer 

The vast majority of the groundwater contributing to the bulk water 
supply comes from the Atlantis Aquifer which supplies approximately 
12 000 m° /day (4.3 Mm? per annum) through an innovative Managed 
Aquifer Recharge (MAR) scheme developed in 1979 (DWS, 2018; 
Luker, 2017). The New Water Program is investigating the possibility of 
sustainably extracting a further 20 000 m?/day (7.2 Mm? per annum) 
with recharge from treated wastewater (DWS, 2018). 
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(2) Cape Flats Aquifer (CFA) 

Cape Flats Aquifer has above sea-level storage capacity of more than 
600 Mm? (DWS, 2018). Studies have been conducted to assess the 
storage potential and feasibility of MAR at Philippi and Mitchells Plain, 
two sites south of the Cape Flats. It has been found that the total 
sustainable yield of these schemes is approximately 18 Mm? per annum 
which equates to 50000 m? /day without risking seawater intrusion 
(Mauck, 2017). 

(3) Table Mountain Group Aquifer (TMG) 

Table Mountain Group Aquifer has approximately 1000 Mm? of storage 
capacity (DWS, 2018). Investigations are ongoing to determine the optimal 
locations for abstractions and input into the WCWSS (DWS, 2018). It is 
expected that the sustainable yield will be more than 20 Mm? per annum 
with recharge, which equates to 55 000 m?/day (DWAF, 200742). 


8.3.1.3 Option 3: wastewater reuse treatment plant 


The CCT is considering treating effluent to potable standards for supply from the 
existing Faure Water Treatment plant (DWS, 2018). Several factors were taken 
into consideration when sizing the scheme such as the source yield, the existing 
infrastructure capacities and the winter demands in the recipient zones (DWAF, 
2007b). The CCT is considering a scheme which yields 26 Mm? per annum, 
translating to approximately 70 000 m? per day (DWS, 2018). 


8.3.1.4 Option 4: surface water transfer scheme 


Feasibility studies have been undertaken to assess options to pump winter water 
from the Berg River to the Voélvlei Dam in the Berg River-Voélvlei 
Augmentation Scheme (BRVAS), once the ecological water requirements of the 
river and the estuary have been met (DWAF, 2012). Of the options considered, a 
4 m?/s pump station with a step-pump operating appeared to be more easily 
implemented and operated, and offered a slightly higher resulting yield of 23 
Mm? per annum, which results in a yield of approximately 60 000 m? per day 
(DWAF, 2012). 


8.3.2 Criteria 2 (C2): cost per unit of water 


Infrastructure spending in South Africa has to be weighed up carefully with regard to 
other pressing societal needs such as housing, healthcare and education. The cost 
criterion is therefore very crucial in the decision-making process. The normalised 
cost per cubic meter ($ /m? in USD) of water is calculated to provide an 
indication of the relative cost for each option. It is based on a simplified method 
whereby the sum of the annual capital expenditure (CAPEX) over the loan 
repayment period and operational and maintenance costs (OPEX) is divided by 
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the annual yield of the scheme as per the equation below. 


(CAPEX/20 years) + OPEX 
Annual Yield 


Cost per Unit of Water = 


Several assumptions are made in this calculation: 


° the aim is not to make a profit on the sale of the water, rather to recover the full 
cost to produce it; 

* the goal is to have a balanced budget; and 

* toensure the provision of basic services for all. 


The following sections describe the key components which have been considered in 
the CAPEX and OPEX costs for each of the options and Table 8.1 summarises 
the results. 


8.3.2.1 Option 1: desalination plant 


The cost per unit of desalinated water depends on a range of factors including 
size and type of plant, plant location and the source and quality of incoming feed 
water (Caldera & Breyer, 2017). The components of CAPEX consist of direct 
and indirect costs including but not limited to construction, equipment, 
engineering, land, buildings, insurance, project financing and contingency costs — 
which is generally about 1296 of the total direct costs (CMI, 2017; Younos, 
2005). OPEX consists of fixed costs including insurance and amortization costs 
and variable costs including energy, chemicals, membrane replacement and 
labour costs (CMI, 2017). 


8.3.2.2 Option 2: groundwater augmentation scheme 


Costs associated with groundwater extraction are related to borehole depths, yield 
and location and are sensitive to water quality and associated treatment costs 
(DWS, 2018). The components of CAPEX include the cost of drilling and 


Table 8.1 C2: cost per unit of water ($/m?). 


Options CAPEX OPEX Yield Cost per 
(USD) (USD/annum)  (m?/day)  unit($/m?) 

Desalination 350 900000! 30000000! 150 000 0.87 

Groundwater 72000000? 120000007 125 000 0.34 

Wastewater 12857008? 1066375? 70 000 0.07 

Reuse 

Surface water 211000004 6430004 60 000 0.08 


‘Bosman, 2017; ?DWS, 2018; *Department of Water Affairs and Forestry (DWAF, 2007a, 
2007b); “Department of Water Affairs and Forestry (DWAF, 2012). 
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infrastructure connections. The OPEX budget includes pumping, electricity and 
treatment costs. 


8.3.2.3 Option 3: wastewater reuse treatment plant 


The CAPEX components considered for the required infrastructure components 
include pipelines and pump stations for the treated effluent and potable water, 
waste water treatment works and contingency costs (DWAF, 2007b). The OPEX 
costs are related to energy consumption, maintenance and replacement of all 
membranes and electro-mechanical plant every 10 years (DWAF, 2007b). 


8.3.2.4 Option 4: surface water transfer scheme 


The CAPEX components considered are related to the mechanical, electrical and 
civil costs of building the pump station and the outlet structure, contingency costs 
and professional and property fees (DWAF, 2012). The OPEX costs considered 
are related to civil, electrical and mechanical maintenance costs and energy costs. 


8.3.2.5 Summary of cost per unit of water analysis 


Table 8.1 summarises the CAPEX and OPEX costs and the yields used to calculate 
the cost per unit of water for each option. 


8.3.3 Criteria 3 (C3): resilience 


In 2015, the Department for the Environment, Food and Rural Affairs (Defra) and 
the Environment Agency (UK) commissioned the 'Strategic Water Infrastructure 
and Resilience’ project to provide future guidance on water resource, supply and 
environmental resilience in the face of hazards, including extreme weather events 
in the UK. This chapter has adapted and built on the findings of the project, 
focusing on seven resilience characteristics which are more specific to the options 
considered in Cape Town. The means of measuring each of the options against 
the resilience characteristics are illustrated in the ‘Resilience Scale Scoring 
Mechanism’ tool in Figure 8.5. While the scales vary for each of the 
characteristics (e.g., the scale for ‘Resilience to temperature extremes’ is between 
O and 2 whereas the scale for ‘Reliant on rainfall’ is between 0 and 1), all of the 
scales have been standardised to fall between the range of —1 and 2, thereby 
enabling easy comparison between characteristics. 

The tool developed acknowledges that water systems need to be resilient to water 
supply shortages and surpluses, catering to both ends of the hydrological spectrum 
and providing a buffer to both extremes — droughts and floods. The adaptive 
capacity of the system is also considered via the ‘storage’ characteristic. This 
acknowledges the dynamic nature of uncertainty and assesses whether the 
capacity of a system within itself is flexible enough to adapt to stresses and 
shocks, whilst taking advantage of opportunities. 
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Figure 8.5 Resilience scale scoring mechanism tool. 


The following sections detail the analysis of each of the options against the seven 
resilience characteristics and the results of this are summarised in Table 8.2 and 
Figure 8.6. 


8.3.3.1 Option 1: desalination plant 


Desalination adds an alternate source of water to the supply that is independent of 
rainfall and resilient to temperature extremes brought on by climate change. It is 
therefore considered to provide high resilience to environmental flows, drought 
and flood events (Defra, 2015). However, as the plant capacity is technically 
locked-in, it is unable to produce more water if demand increases beyond its 
capacity. 


8.3.3.2 Option 2: groundwater augmentation scheme 


Cape Town has abundant aquifer storage, more so than the combined storage of the 
dam system (DWS, 2018). Groundwater abstraction generally provides higher 
resilience to shorter drought events and temperature extremes because the storage 
capacity of the aquifers means that they are less susceptible to changes in rainfall 
patterns (Defra, 2015). However, they are less resilient to multi-year droughts as 
aquifer storage becomes depleted and safe environmental abstraction limits are 
reached. That being said, in the event that demand increases temporarily, it may 
be possible to increase abstractions provided that there 1s recharge. From a flood 
risk perspective, provided there is sufficient protection to the source, groundwater 
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abstractions are perceived to also have a high resilience to flood events 
(Defra, 2015). 


8.3.3.3 Option 3: wastewater reuse treatment plant 


Wastewater reuse provides a high degree of resilience to droughts and other extreme 
events due to the nature of the closed-loop system and should be considered as 
a baseline supply option as opposed to an additional source (Defra, 2015). 
However, similar to desalination, as the plant capacity is technically locked-in, it 
is unable to produce more water if demand increases beyond its capacity. 


8.3.3.4 Option 4: surface water transfer scheme 


Surface water transfer schemes from river to reservoir are reliant upon rainfall and as 
the water resource is exposed, they have medium resilience to temperature extremes 
(Defra, 2015). However, reservoirs are able to store excess water when supply is 
plentiful, especially during high rainfall or flooding events, which can be utilised 
during low rainfall periods. This scheme has medium resilience to short term 
droughts but has low resilience for longer, multi-term droughts. 


8.3.3.5 Summary of resilience characteristics analysis 


Table 8.2 summarises the results of the resilience assessment of the four options. 
The sum of the scores of the seven characteristics for each option show that 
wastewater reuse scores the highest, and hence can be deemed as the most 
resilient option. Figure 8.6 illustrates these results schematically. 


8.3.4 Criteria 4 (C4): environmental impacts 


The environmental impacts of each of the options is assessed qualitatively in the 
following sections and scored subjectively based on low (1), moderate (2) and 
severe (3) negative impacts on the environment, relative to each other, and are 
summarised in Figure 8.7. 


8.3.4.1 Option 1: desalination plant 


Plants between 100 000-200 000 m? /day consume 3.5-4 kWh/ m°? of energy 
(Zarzo & Prats, 2018), equating to 1.4—1.8 kg CO, per cubic meter of produced 
water which makes the carbon footprint of large-scale desalination plants 
substantial (Elimelech & Phillip, 2011). This is particularly concerning since 
about 8096 of South Africa's primary energy needs are provided by coal, which is 
unlikely to change significantly in the next two decades (Energy RSA, 2018). 
Studies have shown that a major concern with SWRO desalination, as is being 
considered in Cape Town, is the effect that seawater intake will have on marine 
organisms — entrainment can kill a large number of fish and small planktonic 
organisms if open surface intakes are not implemented safely (Elimelech & 
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Figure 8.7 Summary of environmental impact analysis. 


Phillip, 2011). Furthermore, the increased salinity of SWRO brines, which is about 
twice that of seawater, and the chemicals used in the desalination process, also pose 
environmental risks to the marine ecosystem (Elimelech & Phillip, 2011). 


8.3.4.2 Option 2: groundwater augmentation scheme 


There are several environmental concerns with groundwater augmentation, 
particularly the impacts it may have on terrestrial ecosystems, biodiversity and 
water table levels. Currently it appears that there is a lack of widespread 
knowledge on groundwater data and monitoring in Cape Town, therefore it is 
unknown what effect drawdown will have on the water table (Parsons, 2018), 
especially if it is being abstracted faster than it is being recharged (EEA, 2018). 
Furthermore, there are fears that drilling boreholes in environmentally sensitive 
areas such as the Table Mountain Group Aquifer will threaten critically 
endangered species with extinction, degrade ecosystems and wetlands and 
drastically alter the hydrology of catchments, all while violating environmental 
management regulations of the National Environmental Management Act 
(Slingsby, 2018). There is also some concern that large-scale abstraction can 
affect river flows (DWAF, 20072). 


8.3.4.3 Option 3: wastewater reuse treatment plant 


There are several benefits of reusing effluent water, such as reducing the volumes of 
treated sewage effluent and industrial discharges into the environment, and reducing 
the dependency on surface water thereby enhancing flows through the system (Toze, 
2006). However, there are a number of potential risk factors that need to be 
considered. The physical characteristics of the recycled water, such as the pH, 
salinity, dissolved oxygen and suspended solid content, have an impact on the 
soil environment in which it is used, particularly when the water is used for 
irrigation (Toze, 2006). Furthermore, the presence of enteric pathogens, including 


Building resilience in water supply infrastructure in the face of future 219 


viruses, bacteria, protozoa and helminths, in recycled water can contaminate the 
water bodies that are in contact with it and impact the ecosystems dependent on it 
(Toze, 2006). However, these risks can be mitigated by sufficiently treating the 
effluent to suit the requirements of its purpose, be it for potable consumption or 
non-potable activities such as irrigation. 


8.3.4.4 Option 4: surface water transfer scheme 


Transferring water from the Berg River to the Voélvlei Dam has the potential to 
provide augmentation of low river flows to mitigate losses in the dam during the 
drought (Defra, 2015). However, there will be negative changes in the water 
balance between the donor and receiving catchments and the potential transfer of 
alien species or diseases (Environment Agency, 2006). This will impact the water 
quality and ecology of the receiving watercourse and the ecosystems that depend 
on it. 


8.3.5 Criteria 5 (C5): social considerations 


Consumer perception regarding the price and quality of water reaching households 
and places of business can affect the ultimate decision on the type of water supply. 
The perception of the source and quality of water it produced was only significantly 
different for wastewater reuse when compared to the other options. Wastewater 
reuse can be used directly for potable supplies, however there is general 
consensus globally that there is presumption against it, and in order to use it for 
this purpose there would need to be considerable change in public perception and 
acceptance of it, together with regulatory changes, which would take time to 
enact (Defra, 2015). Using treated wastewater for non-potable use such as 
irrigation is less controversial, although there are not as many examples globally 
of current practise and, as noted earlier, it would also have to be treated 
sufficiently to meet environmental regulations (Defra, 2015). With that being 
said, the quality of water has been disregarded as a sub-criterion for consideration 
in this research. 

The issue of pricing water, particularly in the South African context, is also 
complex. A balance has to be found between how much of the water required 
needs to be treated and delivered, and how much the consumers can afford or are 
willing to pay for it. The price of water, which is directly correlated to the level 
of tariff applied and more deeply connected to the issue of social equity and 
access to water, varied between the options and hence is a critical social 
consideration for policymakers. Average tariffs are determined by dividing the 
total cost of providing the service by the volume of water sold (DWS, 2018), 
therefore the higher the cost per unit of water produced, the higher the tariff will be. 

Cape Town's tariff structure is dependent on large volumes of water being sold at 
higher levels in order to subsidise water at lower levels (DWS, 2018). If the price of 
water increases, it is likely to push wealthier households to invest in decentralised 
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water solutions to avoid paying higher tariffs. This will impact the ability of the city 
to subsidise water at lower levels and hence have knock-on social equity effects on 
households who depend on it and potentially restrict the ability of the city to improve 
levels of access to water. 

For the purpose of analysis in this chapter, higher tariffs are given a score of 1, 
medium tariffs a score of 2 and lower tariffs a score of 3, where 1 indicates lower 
social equity and access to water and 3 indicates higher social equity and access 
to water, as shown in Table 8.3. 


8.3.6 Criteria 6 (C6): ease of implementation 


Project implementation is a complex, context-specific process. It is dependent on a 
number of factors including the source of water and technology applied, 
procurement and contract regulations and type, project financing options and 
local or national regulatory requirements (Defra, 2015). In South Africa, the 
regulatory requirements surrounding public procurement is stringent, thereby 
resulting in a complex and lengthy process (DWS, 2018). 

For the purpose of analysis here, it is assumed that the varying factor amongst the 
options is the time taken to implement the project from the time a decision is made to 
proceed. As shown in Table 8.3, the time scales estimated are indicative based on 
previous local and international experience (Defra, 2015; DWS, 2018). 


8.3.7 Summary of results 


The preceding sections analysed each of the options with respect to the six key 
evaluation criteria, the results of which are summarised in Table 8.3. The 
following sections will use the results from the option characterisation analysis to 
feed into the sensitivity analysis using the Analytic Hierarchy Process. 


8.4 ANALYSIS AND RESULTS 


As part of the MCDA, the results of the sensitivity analysis that was conducted 
under the lenses of three perspectives, using the options evaluation framework 
outlined in the introduction and the findings from the option characterisation 
analysis, are detailed in the following sections. 


8.4.1 Prioritising criteria under the three perspectives 


Prioritising criteria to define each of the perspectives in lieu of real stakeholder 
preference data is an important part of the process outlined in the options 
evaluation framework. The results of this analysis are summarised in Figure 8.8 
and detailed in the ensuing sub-sections. 
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Figure 8.8 Summary of hierarchist, egalitarian and individualist priorities. 


8.4.1.1 The hierarchist perspective 


Hoekstra (2000) states that hierarchists regard water scarcity as a problem of supply 
rather than demand, which is considered to be a given need. While demand can be 
managed to enhance efficiency, they are cognisant that this could be met with 
economic and social constraints. Their water management strategy is therefore 
related to resource management and looking at ways to increase supply by 
introducing high technology on a large scale in order to meet demand (Hoekstra, 
2000). However, hierarchists do not believe that consumers should have to repay 
all investment costs and rather aim for water charges to cover operational and 
maintenance costs only — they do not believe in market pricing (Hoekstra, 2000). 
Furthermore, a rapid increase in water prices would also disturb socio-economic 
stability. It can therefore be deduced that yield, cost, social considerations, and 
the related criteria of the ease of implementation of a project to a lesser extent, 
are leading principles from a hierarchists perspective. 

Whilst hierarchists recognise the environmental impacts of certain supply 
options, such as groundwater extraction, and believe that they should be 
mitigated as much as possible, they do not reject the idea of implementing them 
all together (Hoekstra, 2000). Furthermore, they perceive nature as tolerant and 
robust within limits, meaning that disturbances can be absorbed as long as they 
do not reach critical levels and can be managed by defining adequate standards 
(Middelkoop et al., 2004). 


8.4.1.2 The egalitarian perspective 


Egalitarians perceive nature as fragile and climate as sensitive, considering temporal 
and spatial variability when assessing water resources (Hoekstra, 2000). Their water 
management strategy is therefore driven by natural processes whereby water guides 
landscape planning (Middelkoop ef al., 2004). They also favour pro-active, 
preventative and adaptive measures instead of mitigation strategies (Middelkoop 
et al., 2004). It can be deduced that environmental impacts and resilience are 
leading principles from an egalitarian perspective. 

Water scarcity is perceived to be caused by demand growth and pollution and 
therefore can be managed by policy incentives and changes in social preferences 
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(Hoekstra, 2000). Egalitarians advocate that the price of water should include a tax 
to cover this and the environmental impacts of excessive water usage. However, 
because social equity is an important facet of egalitarianism and access to water 
and sanitation is a principal policy goal, water should be free to people who 
cannot afford it (Hoekstra, 2000). Water can be priced in a stepped-tariff structure 
whereby the price of water increases the more volume is consumed in a bid to 
subsidise water in the lower steps (DWS, 2018). Regardless of whether large 
scale measures are foreseen at great costs, egalitarians are strongly opposed to 
projects where the social and ecological costs outweigh the potential benefits 
(Hoekstra, 2000). 


8.4.1.3 The individualist perspective 


Individualists perceive water as an economic good and believe that it should 
be managed as such (Hoekstra, 2000). Provided they are cost-effective, all 
options to improve water supply and efficiency to reduce demand are considered 
to be realistic (Hoekstra, 2000). Therefore, projects such as groundwater 
extraction and desalination are considered if they are profitable, regardless of 
their environmental impacts. Two overriding principles emerge from this; 
economy is more important than environment and the environment can be 
exploited for economic use. 

Hoekstra (2000) states that water prices are established by market mechanisms 
and subsidies are strongly discouraged, which is current common practice 
worldwide. Furthermore, an active policy in public water and sanitation is not 
pursued because it is believed that economic development will improve this 
inherently (Hoekstra, 2000). Climate change risks are accepted as an economic 
trade-off — any disturbances of the hydrological cycle are of minor importance. 
Resilience is therefore not a priority from an individualists’ perspective. 


8.4.2 Results of analytic hierarchy process 


Utilising the priorities of the criteria to define each of the perspectives, the complex 
decision problem of selecting an option that will enhance the resilience of the 
WCWSS was evaluated via pairwise comparison of criteria and options with 
respect to criteria where decision-makers can express preference for one option 
over another. The results of the sensitivity analysis conducted under the lenses of 
the hierarchist, egalitarian and individualist perspectives using the Analytic 
Hierarchy Process are summarised in Figures 8.9 and 8.10. Figure 8.10 
demonstrates that even as the global priority vectors change according to the 
priority of the criteria under each perspective, the cumulative sum of the criteria 
across each of the four options results in wastewater reuse as the preferred option 
in all three perspectives. 
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SENSITIVITY ANALYSIS RESULTS 
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Figure 8.9 Summary of final results of the sensitivity analysis. 
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Figure 8.10 Summary of final results of the sensitivity analysis performed using 
the AHP. 
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8.5 DISCUSSION AND RECOMMENDATIONS 

8.5.1 Decision making in water supply infrastructure 
planning 

As Cape Town is looking at long-term solutions to enhance and diversify its 
water supply to reduce its reliance on surface water, all four options assessed 
satisfy these objectives. The results of the sensitivity analysis found that 
wastewater reuse is the preferred option in the hierarchist, egalitarian and 
individualist perspectives, emphasising that regardless of the water management 
ethos, reuse should be the foundation for resilient water systems. The results 
indicate that this is true for cost, resilience, environmental and social criteria 
under all three scenarios. 

The benefit of the options evaluation framework is that it provides a holistic 
outlook of the solutions by assessing reliability, resilience and sustainability- 
related criteria. Incorporating resilience as its own key criterion indicates a 
progressive step in shifting the paradigm towards more integrated, adaptive 
mindsets in light of climate change. This emphasises the importance of 
accounting for this characteristic in the process of planning for an uncertain future. 

However, by only considering the physical infrastructure aspect of the resilience 
conceptualisation, the framework does not account for the management and 
financing arrangements involved in service provision, and the behaviour of the 
water consumers, especially as resources become limited. The success of the 
combination of demand and supply-side interventions in Australian cities 
following the Millennium drought are proof that both strategic directions are 
integral in enhancing the long-term sustainability and resilience of a water 
management system. It is therefore recommended that the approach is modified 
in future to incorporate these aspects into the framework to further enhance 
resilience. 

Furthermore, although the sensitivity analysis was conducted to explore different 
water management perspectives in lieu of direct stakeholder involvement, it by no 
means replaces its necessity. The uniqueness, and hence the importance of the 
local context in Cape Town, highlighted that in developing water management 
frameworks it is crucial to identify and utilise the forces which drive 
policy-making decisions in order to determine the most appropriate strategy. This 
is best achieved through stakeholder engagement. However, the benefit of the 
AHP method is that it allowed for the weights of the criteria to be altered based 
on preferences. Therefore, in the event that stakeholder engagement occurred in 
the future, the AHP could be adapted to represent the findings of this process. 

It is important to acknowledge the real data gaps in the options characterisation 
analysis. Each criterion was evaluated against a simplified set of either objective 
quantifiable performance data or subjective qualitative preference data. In a more 
detailed study, it is recommended that each criterion be evaluated with more 
rigor, perhaps by incorporating sub-criteria such as public perception under social 


226 Water-Wise Cities and Sustainable Water Systems 


considerations. Minimising subjectivity where appropriate, and using advice from 
academics or subject matter industry experts and/or stakeholder engagement, 
particularly with regards to social considerations, is also recommended. 


8.5.2 Water access and social equity 


The water crisis has highlighted two key issues, namely that Cape Town is water 
scarce, and that dealing with the legacy of Apartheid has had vast implications on 
the socio-economic development of the city. The issue of water availability has 
received much attention recently, driven by the stresses exacerbated by the 
drought and the vast international coverage this has garnered as a result of its 
enormity. Droughts are sporadic, climate-driven events occurring over unknown 
periods of time. This research has investigated the problem extensively by 
looking at ways to enhance supply and build resilience into the existing water 
system in order to be better prepared in the event of likely future droughts. 

The underlying, ever-present issue of water accessibility is driven by social 
inequality. This is a continuous, human-caused stress which is a deep-rooted 
problem linked to South Africa’s complicated, inter-generational history. 
Although approximately half of Cape Town’s population lives in informal 
settlements, they consume only about 5% of the city’s total water supply (Dawson, 
2018). There is clearly a gap in equitable access to water. The broader questions 
are whether there is a reinforcing link between availability and accessibility, and 
whether both these issues can be combated simultaneously (Figure 8.11). 

The stepped-tariff structure is reliant on affluent households consuming large 
volumes of water to subsidise households in informal settlements. Enhancing and 
diversifying the supply therefore increases confidence in the water system during 
times of drought which will disincentive affluent households from going off-grid 
and opting for decentralised, private water sources, that is, boreholes. Although 
demand management strategies aim to improve efficiency in the system and 
reduce individuals demand for water over time, urbanisation and related 


E 
[s 
z 
< 
< 
[s] 


CURRENT 
PROVISION 


QUANTITY 


Figure 8.11 Expanding the water systems boundary to enhance availability and 
accessibility. 
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demand-growth factors, such as increased food production and energy consumption, 
will simultaneously increase demand in the long-term. Therefore, it can be assumed 
that the stepped-tariff structure will be able to sustain itself as long as it is made more 
drought resilient. 

The issue with the current water management strategy is that enhancing the 
systems long-term resilience and availability will only benefit those who are 
being serviced by it within the existing systems boundary. Managing the issue of 
availability in this instance therefore does not manage the issue of accessibility, 
particularly in a society in which the issue of accessibility is complicated and 
multi-dimensional. To combat both issues concurrently, it is thus recommended 
that further research be undertaken to investigate an integrated, systems-based 
approach with multiple objectives, as it has the potential to address the unique 
development challenges that Cape Town is facing to facilitate change in informal 
urban areas by expanding the existing systems boundary. 

Armitage et al. (2014) investigated a broad approach which includes a range of 
settlement types by using five principles selected from the National Water Act 
(RSA, 1998), the South African Constitution (RSA, 1996) and the Dublin 
Principles (United Nations, 1992) to define water sensitivity as the management 
of the country’s urban water resources based on the premise that: 


(1) Water is a finite and valuable resource, essential to sustaining all life. 

(2) Theconstitution of South Africa states that access to adequate potable water 
is a basic human right that is, it is a ‘social good’. 

(3) South Africa is a water scarce country. 

(4) Water has economic value, and should also be recognised as an ‘economic 
good'. 

(5) Management of water should be based on a participatory approach 
involving all stakeholders, that is, users, planners, policy-makers. 


Using these principles as the underlying basis, the concept of Water Sensitive Urban 
Design (WSUD) can be adapted to suit the South African context to include 
developmental and equity considerations to improve both availability and 
accessibility (Armitage ef al., 2014). Stormwater management activities such as 
the Sustainable Drainage Systems (SuDS) approach, which enhances storage, 
amenity and biodiversity and mitigates flooding by infiltrating stormwater at the 
source, are popular types of infrastructure-related activities that can be 
implemented as part of WSUD (Armitage et al., 2014). Other activities include 
those assessed in this research such as wastewater reuse and Managed Artificial 
Recharge (MAR) of groundwater supplies, as well as water conservation and 
demand management, and rainwater and stormwater harvesting (Armitage ef al., 
2014). 

There are several developmental challenges with implementing WSUD projects 
in informal settlements related to equity, dignity, ownership and respect, which will 
need to be addressed. Delivering these projects will be particularly challenging in 
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areas where basic services do not exist, which adds a layer of complexity to the 
problem. This is linked to the larger problem of the provision of housing and the 
availability of suitable land for development, which emphasises the need for a 
systems approach based on the assumption that development issues are 
connected. Associated with this are the spread of potential health risks due to the 
creation of alternative pathways for waterborne diseases which will need to be 
controlled and mitigated. 

The multiple benefits of implementing WSUD projects outweigh the challenges. 
Aside from mitigating the negative effects of scarcity and increasing the 
sustainability and resilience of the water system, the ability to develop social and 
intergenerational equity can bring about significant change for the people of Cape 
Town. Improving accessibility to water in informal settlements has the potential 
to produce sustainable and equitable economic growth, improve health and 
sanitation, gender equality, education and safety in these areas. In essence, water 
can be used as the medium to connect the extremely divided and disparate 
settlements that are inherent in the fabric of the country to bring about equitable 
transformation for all. 

In terms of future infrastructure planning, policymakers in Cape Town are 
aware that climatic projections show a shift towards a drier, more drought-prone 
climate which means that the possibility of extreme drought events are also 
increasing (Wolski et al., 2017). Urban populations are also expected to grow, as 
will demand. By investing in wastewater reuse, water-efficiency, conservation 
and WSUD initiatives, Cape Town has an opportunity to build resilience into 
the water system from a physical infrastructure perspective by increasing and 
diversifying the availability of the supply. However, the concept of resilience- 
building is not simply about sustainable water management but also about water 
provision and accessibility. To enable this transformation, a paradigm shift in 
both cultural-cognitive and normative dimensions of the water system is critical 
(Ferguson et al., 2013). Therefore, aside from this being an opportunity for the 
city to invest in physical infrastructure, it is also an opportunity to invest in 
equity and reduce both resource and social vulnerabilities. 


8.6 CONCLUSION 


Water scarcity is a growing systemic risk and it is becoming increasingly important 
to prepare for the impacts that climatic and socio-economic changes may have on 
future water resource availability. The primary objective of this work was to 
develop an options evaluation framework which can aid policymakers in the early 
stages of the decision-making process. The aim of this framework was to 
critically appraise water supply options to provide adaptive, resilient solutions to 
enhance water security in water stressed cities of the Global South. 

To develop a holistic framework, it was crucial to understand which driving 
forces contribute to the problem of water scarcity to be able to create boundaries 
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for the outcomes of the framework. The recent drought in Cape Town, South Africa 
was used as a case study to understand these forces. Through this process, it was 
found that unprecedented climate variability, population growth and urbanisation, 
and demand management strategies that effectively delayed the need to develop 
more dam storage capacity, were to the city’s detriment in the face of a 1-in-300- 
year drought. 

The key evaluation criteria of the framework developed in this research were 
closely linked to the concepts of resilience and sustainability. The results of the 
sensitivity analysis conducted to evaluate the options using the Analytic 
Hierarchy Process found that wastewater reuse was the preferred option under all 
three lenses. This emphasised that regardless of the water management ethos, 
reuse should be considered as a baseline supply option for resilient water 
systems. 

The focus of this chapter was on one aspect of the conceptualisation of building 
resilience, namely the provision of physical infrastructure, by evaluating seven 
specific resilience characteristics using the Resilience Scale Scoring Mechanism 
tool developed in this research. However, the broader concept of resilience can be 
interpreted as also involving the interaction of the resource, the management and 
financing arrangements involved in service provision, and the behaviour of the 
water consumers, especially as resources become limited. The impacts that these 
aspects will collectively have on building resilience in water systems to enhance 
overall robustness in the face of future uncertainties should be investigated 
further in the future. 

Finally, this chapter emphasised the importance of establishing context in 
developing water management strategies. Inequity plays out in water access very 
obviously, and highlights that water and social justice are intrinsically linked. The 
underlying, ever-present stress of water accessibility in Cape Town is driven by 
social inequality linked to South Africa’s complicated, inter-generational history. 
By adopting an integrated, systems-based approach such as the Water Sensitive 
Urban Design concept, adapted to address the unique development challenges 
that Cape Town is facing, the potential to facilitate change in informal urban 
areas by expanding the existing systems boundary is immense. In essence, water 
can be used as the medium to connect the extremely divided and disparate 
settlements that are inherent in the fabric of the country to bring about equitable 
transformation for all. 
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9.1 INTRODUCTON: URBAN FLOODING 


Flooding impacts more people annually than any other natural hazards, and the 21st 
century has seen a rise in the number of extreme meteorological events (CRED, 
2019; Depietri & McPhearson, 2018). Flooding, including coastal, fluvial and 
pluvial, costs the global economy US$19.7 billion in 2018, with densely 
populated urban areas typically exposed to ‘flash flooding’ as a result of intense 
rainfalls that exceed the anthropogenic and natural drainage capacity of a city 
(CRED, 2019) (Figure 9.1). Recent years have seen a number of significant 
floods impacting cities globally; between June and July 2016, flooding is 
estimated to have impacted over 32 million people in China alone (Tang et al., 
2017). While these events, and many others globally, cannot be entirely 
mitigated, there is an intrinsic vulnerability to flooding associated with living in 
urban areas which is further exacerbated by increasing urbanisation, and a 
changing climate (Miller & Hutchins, 2017; Rubinato et al., 2020). 
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Figure 9.1 Example of recent (August 2019) pluvial flooding events in urban areas: 
on the left, flow over streets in Cavarzere, (VE), Italy; on the right, manhole cover 
removed by the high pressure caused by overflow of the drainage system in 
Calalzo di Cadore, (BL), Italy. OLeonardoRubinato and ©MariaGraziaSattin. 


With the IPCC (2014) stating that anthropogenic factors have ‘unequivocally’ 
altered future climate, the natural global hydrological balance is shifting. Global 
water scarcity will be exacerbated in the future, particularly in areas that currently 
face significant droughts, while global flood risk is also likely to increase as a 
result of a changing water balance (Liu and Jensen, 2018; McMichael et al., 
2006; Pozzi et al., 2013; Spinoni et al., 2014; Trenberth, 2011). 

The UK is likely to see an increase in extreme rainfall events, with the UK 
Met Office suggesting an average annual temperature rise for Central England 
of up to 5.8°C, with winter rainfall increasing up to 33% and summer rainfall 
decreasing by 5796, by 2070, for a high emission scenario at the 90th 
Percentile (Met Office, 2018). Further highlighting the likely increase in the 
risk of flooding as a result of a changing climate, Kundzewicz et al. (2014) 
noted that the one in 20 year return interval rainfall event is likely to become 
more frequent globally (aside from the Sahara) for all emission scenarios, with 
the event occurring every four years in South East Asia by the end of the 
21st Century. 

To coincide with an increasing risk of high intensity rainfall events, the rise in 
urban population results in aggravated threat of flooding, meaning that historical 
approaches to flood management are likely to be unsuitable in the future 
(Reynard et al., 2017). It is anticipated that without adaption, there is likely to be 
up to US$24 trillion increase in global annual costs due to flooding by the end of 
the century (Jevrejeva et al., 2018). 

Urban flooding is increasingly a risk; statistics demonstrate that 55% of the total 
global population lives in urban areas, and this figure is expected to increase to 60% 
by 2030, and the number of global ‘megacities’ will increase from 33 to 43 during 
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the same time period (UN, 2018). While urban redevelopment can manage some of 
the growth, the increasing population will drive cities to sprawl into the peri-urban 
environment (Haaland & van den Bosch, 2015; Miller et al., 2014; Pili et al., 2017). 
Urbanisation causes a change in the natural hydrological balance by constructing 
impermeable surfaces, the compaction of soil and the removal of vegetation 
(Brilly et al. 2006; Haaland & van den Bosch, 2015; Lashford et al., 2019; 
Li et al., 2018; Rubinato ef al., 2019). Additionally, the installation of a 
traditional, pipe-based drainage system, which can efficiently remove water from 
urban areas to nearby watercourses, increases flood risk by altering the 
hydrological response to rainfall (Lundy & Wade, 2011; Miller et al. 2014). 

Since the installation of the hydraulically efficient London Sewerage System in 
the 1850s, resulting from the need for suitable sanitation post Industrial Revolution, 
pipe based drainage has been adopted globally (Hughes, 2013; Walsh et al., 2005; 
Xie et al., 2017). Pre industrial-age approaches to drainage still exist, for example 
the Cloaca Maxima, Rome, Italy, however they have been largely subsumed by 
post-industrial drainage, further ensuring water is ‘out of sight, out of mind’, 
aiming to rapidly remove water from urban areas (Perales-Momparler ef al., 
2015). Many cities consequently now rely on ageing drainage systems built in the 
19th and 20th Century that are now, with an increasing urban landscape and a 
changing climate, incapable of managing the current urban pluvial flood risk 
(Djordjevic et al., 2011; Egger & Maurer, 2015; Guo, 2006). Additionally, the 
‘clogging’ of conventional systems with debris inhibits their potential to 
effectively remove water, causing a back log through the system and an increased 
flood risk. The 2007 UK summer floods is a typical example of such scenarios 
(Fenner, 2000). 

Most urban drainage systems were designed to manage smaller volumes of 
runoff than faced today, and therefore are vulnerable to failure during 
high-intensity rainfall events (Butler & Parkinson, 1997; Butler et al., 2018; 
Mark et al., 2004). The integration of pipe based drainage system at new build 
sites is still part of typical design culture, with runoff to the sewer system 
typically flowing underground via gully pots and pipes before reaching the 
watercourse (Woods-Ballard et al., 2015). This poses an increased flood risk for 
the outfall as a result of a reduced lag time and increased peak flow at the 
receiving water course (Qin ef al., 2013). 

Table 9.1 outlines the design flood frequency for pipe based systems according to 
the British Standards (British Standards Institution, 2008) and the European 
Standard EN 752. All drainage systems in a city centre should manage all storms 
up to and including the one in 30 year storm event, while in comparison, designs 
are up to the one in 10 year return period for the USA (Guo, 2006). Many cities 
are consequently at risk of flooding due to insufficient capacity of drainage, 
which is an even bigger problem in less developed countries due to lower 
drainage standards in urban areas (Fratini et al., 2012; Guo, 2006; Mark et al., 
2004). 
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Table 9.1 Conventional drainage design storm frequency 
scenario for different locations (adapted from British Standards 
Institution 2008 and the European Standard EN 752) 


Location Design Storm Frequency 
Rural areas One in 10 years 
Residential areas One in 20 years 
City centres One in 30 years 


In addition to having the primary concern of increased flood risk at the source and 
the outfall, conventional drainage has also created a water quality issue. Improving 
runoff quality prior to being released into the watercourse is a neglected aspect of 
conventional drainage (Hoang & Fenner, 2015). Consequently, runoff transports 
a variety of urban pollutants without treatment into the watercourse which has an 
impact on the biodiversity of urban streams (Zhang et al., 2013). 

This chapter aims at summarising previous research conducted to improve 
the accuracy of urban flood modelling, experimentally and numerically, and 
highlights the need of full-scale and field case studies that could provide hidden 
insights not achievable via scaled models for a better application and better 
benefits for multiple urban developments. 


9.2 EXPERIMENTAL AND NUMERICAL URBAN FLOOD 
MODELLING 
9.2.1 Input parameters and boundary conditions 


Recent advances in technology, and consequently in the performance of physical 
models, have generated an abundance of data which are crucial to calibrate 
and validate numerical models (Mignot et al., 2019). The essential data 
requirements of flood inundation models can be summarised as follows into 
multiple categories. 

Topographic data of the channels and floodplains to act as model bathymetry 
(Pefia & Nardi, 2018) are essential when setting up a numerical model. A high 
quality Digital Terrain Model (DTM) representing the ground surface with 
surface objects removed is the basic topographic data requirement. As provided 
in literature (Ramsbottom & Wicks, 2003), vertical accuracy of about 0.5 m and a 
spatial resolution of at least 10m for DTMs are required for rural floodplain 
modelling, while a vertical accuracy of 5 cm with a spatial resolution of 0.5 m are 
needed to resolve gaps between buildings (Ozdemir et al., 2013; Smith et al., 
2006; Van Ootegem ef al., 2016) for numerical modelling over urban floodplains, 
considering that the knowledge of the micro-topography over large areas may 
become much more significant. 
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Time series of bulk flow rates and rainfall are crucial for characterising 
numerical boundary conditions (Morales-Hernández et al., 2013). Ideally, 
flow rates should be accurate to 5%, however, this figure may differ 
consistently and errors may be much higher during flood events. Recent 
studies have also investigated more complex features such as the rain falling 
directly into streets (Paquier & Bazin, 2014). Rainfall has been considered 
for many years as a major uncertainty source, in the accurate prediction of 
urban flooding events (Niemczynowicz, 1999), but recent progress associated 
with the use of radar and microwave networks have reduced the uncertainties 
by facilitating the gathering of sufficient information on temporal and spatial 
variation of rainfall processes in urban catchments (Fletcher et al., 2013; 
Schellart et al., 2012). 

Roughness coefficients for channels and floodplains, which may be spatially 
distributed (Kirstetter et al., 2016), are another category of essential parameters to 
use when accurately setting up a numerical model, as well as bottom roughness 
coefficients in the sewers and floodplain (Bellos et al., 2017). By introducing 
these parameters, energy losses not represented explicitly in the model equations 
can be parameterised. Considering that in practice they are usually estimated by 
calibration, it can be difficult to separate the contribution associated to friction 
from that attributable to compensation for model structural and input flow errors. 
It is necessary to calibrate numerical models, adopting two separate roughness 
coefficients for sewers and floodplains. 

Despite the progress in producing essential datasets for calibration and validation 
of numerical models, there is still a paucity of datasets that are essential to accurately 
represent detailed features associated with the high complexity of the urban 
environment (for example multiple flow paths through crossroads, sewers-surface 
interactions, parks, Sustainable urban Drainage Systems (SuDS)). These features 
are crucial to assess the hydraulic performance of drainage systems in urban areas 
and to verify the probability of flooding. The uncertainty associated with the 
nature of flood events, which are typically characterised with high intensity and a 
short duration, results in challenges to identify possible locations of flooding in 
advance. This creates complications when attempting to record the data required 
for the calibration and validation of numerical models. Furthermore, even if 
municipalities have the availability of equipment to consistently record flow, 
water levels and pressure in sewers and streets, it is expensive to optimise the 
maintenance procedure by checking all these sensors repeatedly over several 
years, causing eventual gaps or non-reliable datasets. 

To cope with this lack of data, physical full and scaled models are important 
tools to replicate urban flooding conditions as well as field case studies where 
feasible. Over the last decade, multiple studies have been performed and the next 
section summarises them based on multiple variables such as flow patterns, 
hydraulic and geometrical conditions, scale factors tested, and SuDS techniques 
adopted. 
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9.2.2 Flow patterns. hydraulic conditions and geometrical 
setups 


As previously mentioned in Section 9.1, by 2030 60% of the world’s population 
will be living in urban areas, increasing to 68% by 2050. Cities across the world 
continue to develop, targeting different social needs and following various 
planning criteria established by governments and municipalities, generating 
different urban scenarios to incorporate flood resilience into urban planning 
(Bertilsson et al., 2019). As a consequence, flow patterns and their interactions 
in urban environments are very complex. 

To date, experimental studies to estimate these complex flows and/or energy 
losses in urban drainage systems have been conducted to take into account 
subcritical (Nania et al., 2011; Riviere et al., 2011; Schindfessel et al., 2015) and 
supercritical flow regimes (Creélle et al., 2017; Kemper and Schlenkhoff, 2019; 
Riviere ef al., 2014), open-channel and pressurised flow (Martins et al., 2017; 
Rubinato et al., 2018a), interactions between the minor and major systems (Beg 
et al., 2018; Fraga et al., 2017; Gomez & Russo, 2005, 2009; Gomez et al., 
2019; JinNoh et al., 2016; Lopes et al., 2014, 2015; Martins et al., 2014, 2018; 
Rubinato, 2015; Rubinato et al., 2011; Rubinato et al., 2013, 2014, 2017a, b, 
2018b; Vasconcelos et al., 2006) and with the presence of obstacles or streets 
(Arrault et al., 2016; Finaud-Guyot et al., 2018) and building blocks (Güney 
et al., 2014; Smith et al., 2016). Examples of experimental facilities are shown in 
Figure 9.2. 

Mignot et al. (2019) have pointed out that these multiple studies address very few 
identical flow patterns and these studies, despite providing crucial specific insights 
to improve the experimental and numerical modelling of urban flood flows, are 


Figure 9.2 Example of experimental urban flood models with sub-surface interaction 
(Rubinato 2015). (a) View of the scaled drainage system of the sub/surface 
experimental facility at the University of Sheffield; (b) Birdseye view of the urban 
floodplain of the sub/surface experimental facility at the University of Sheffield and 
(c) experimental simulation of sewer overflow. €MatteoRubinato. 
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limited to specific hydraulic conditions or have been conducted to optimise a 
specific case scenario, and hence may be limited to be up-scaled or applied 
within a variety of urban environments. 

Furthermore, experimental models have been developed to date to provide 
datasets to represent local energy (head) losses (friction and local losses) (Butler 
& Davies, 2011; Butler et al., 2018) at junctions and urban drainage features for 
improving the performance of existing numerical models and better predicting 
future scenarios. 

Multiple parameters have been found to affect head losses during the last two 
decades, including the channel water depths between the upstream branches and 
the downstream channel (Hsu & Lee, 1998); upstream and downstream 
subcritical or supercritical hydraulic conditions (Gargano & Hager, 2002; Hager 
& Gisonni, 2005; Zhao et al., 2008); the joining angle between any lateral pipes 
and the main pipe (Pfister & Gisonni, 2014); and the ratio between pipe diameter 
and manhole diameter (Ramamurthy & Zhu, 1997). Bearing in mind that these 
outputs were mainly obtained replicating physical scale models of singular 
structures (e.g. single manholes), the impacts of these parameters are likely to be 
different when considering an entire drainage system including several structures, 
with a hypothetical ‘domino’ effect towards the downstream section of the area 
under investigation. 

Additionally, previous research has provided an insight into consequences of 
floodwater flowing on streets in urban areas (Beg et al., 2020). Based on the 
amount of water and the geometrical conditions of the roads (e.g. slope), vehicles 
parked on the sides of streets can be swept away, causing various hazards to 
people and properties (Xia et al., 2014). 

Stability criteria for vehicles in floodwaters were determined by Gordon and 
Stone (1973), Keller and Mitsch (1993), Shu et al. (2011) and Xia et al. (2011), 
and experimental data were used to validate the derived formulae based on the 
principles of similarity and scale ratios. Limitations due to scaling effects have 
also made it not possible to apply the results to corresponding prototype vehicles 
in the study conducted by Teo et al. (2012). 

Runoff on streets is also a hazard for pedestrians attempting to cross the roads 
under a variety of water depths and velocities (Martinez-Gomariz et al., 2016). 
Experimental studies for human body stability in laboratory setups by using real 
human bodies started with Foster and Cox (1973), and have been expanded by 
Abt ef al. (1989) who adopted different ground surfaces and Jonkman and 
Penning-Rowsell (2008) who tested high velocities and psychological factors. 
In the UK, Defra and the Environment Agency provided a method to quantify 
the hazards for pedestrians based on velocity, depth and presence of debris within 
the flows (Defra, 2006). Russo (2009) focused on the impact of pedestrians of 
different ages and weights, with diverse visibility conditions and the use of 
hands, wearing dissimilar footwear. 
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9.2.3 Sustainable drainage systems 


Section 9.1 identified the challenges regarding traditional drainage methods and 
flood risk reduction, consequently the UK has moved to produce non-statutory 
guidance for SuDS, advocating their role at new build sites, to minimise an 
increase in flood risk post-development (Defra, 2015). This was developed as a 
result of the 2007 UK floods, which cost the UK economy approximately £3 
billion, and paved the way for the UK Flood and Water Management Act (HM 
Government, 2010), which, as part of Schedule 3 of the act, further identifies 
SuDS as being a critical approach to sustainable flood management for the future 
(Pitt, 2008). 

Due to the need to make cities more sustainable, a number of experimental 
studies have also been completed to examine the impact that SuDS can have at 
reducing runoff and ultimately flooding, in an urban setting (Fach & Dierkes, 
2011; Nnadi et al., 2012; Sanudo-Fontaneda et al., 2018; van Woert et al., 2005). 
It is understood that by integrating ‘green infrastructure’ into urban design, or by 
simply reducing the total coverage of impermeable surfaces, it is possible to 
reduce localised, pluvial flooding (see Figure 9.3) (Eckart et al., 2017). 

At the laboratory scale, experimental control tests of SuDS have been 
undertaken over the last 20 years (Sanudo-Fontaneda ef al., 2018; van Woert 
et al, 2005). Models to determine the effectiveness of both extensive and 
intensive green roofs have demonstrated their ability to reduce runoff received 
from traditional tiled roofs (Bouzouidja et al., 2018; Lee et al, 2013; van 
Woert et al, 2005). Stovin et al. (2015a) monitored a number of rainfall 
scenarios over a four year period to analyse the water retention capabilities of a 
green roof, taking into account the effects of the vegetation type, density and 
structure of the green roof. Subsequently, it was possible to determine 
roughness coefficients in a numerical model to determine energy losses (Stovin 
et al., 2015b) (see Section 9.2.1). 


Figure 9.3 Example of a SuDS system, comprising of rock-lined swales and 
vegetated detention ponds, in Leicester, England. ©CraigLashford. 
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Similar experimental laboratory tests have been conducted on permeable paving 
(Nnadi et al., 2012; Sanudo-Fontaneda ef al., 2014). By altering the topographic 
variables, runoff surface length and surface slope of a laboratory scale permeable 
pavement design, it is possible to maximise runoff reduction (Sanudo-Fontaneda 
et al., 2014). To further optimise a design, Nnadi er al. (2014) analysed the 
possible influence of membrane layers, such as more traditional geotextile or 
OASIS?, not only on total outflow, but also water quality. However, 
experimental models are still required to better understand the scale of reduction, 
and to maximise the benefits that can be achieved by integrating SuDS into the 
urban landscape. 


9.2.4 Scale factors: the need for full-scale and field models 


Urban areas are complex, and most experimental setups previously described either 
reproduce a simplified urban city or a synthetic urban area (simple streets, 45 and 
90? junctions, rectangular buildings) by adopting scale factors based on specific 
similitudes, hence these are called physical scale models. 

Despite providing important insights and better understanding of urban flooding 
scenarios, physical scale models include assumptions and ‘artefacts’ that typically 
do not completely resemble real-world prototype observations. This is due to 
governing non-dimensional parameters (i.e. force ratios) which are not 
completely identical between the model and its prototype (Heller, 2011). 
Consequently, the application of these features may include a slight alteration of 
the flow regime (laminar, turbulent and transition phase), or of the relative 
importance of frictional resistance, generating datasets that could be dissimilar 
from those linked with real environments (Heller, 2011). 

Considering, for example, the ageing conditions of existing sewer systems in the 
UK and worldwide networks, an extended number of variables (e.g. ground water 
level, traffic, number of house connections, materials, age, and diameters) are 
affecting the identification of techniques and solutions for the rehabilitation of 
existing infrastructure. Experimental models tend to view systems separately, 
focusing on a specific problem without taking into account the interaction and 
possible synergies between subsystems (Tscheikner-Gratl et al, 2015). For 
example, companies building or repairing sewers on-site are required to follow 
steps regarding excavation, backfill and compaction. Existing studies (Del Borghi 
et al., 2008; Uche et al., 2013) focused on the use of concrete and aggregates for 
pipes bending, but did not include the paving of the roads using bitumen, a 
product typically included, hence materials and their properties may differ from 
scale models to real sites. Furthermore, CCTV (closed-circuit television) 
inspection may be expensive, and the quality of the analysis conducted on 
existing sewer systems may be dependent on the quality of the pictures taken as 
well as the skills and the experience of the technician analysing them 
(Wirahadikusumah et al., 1998). 
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Figure 9.4 Upstream and downstream view of the full experimental facility 
constructed at ICAIR, plus a detailed view of a full-scale manhole. ©The University 
of Sheffield and ©SimonTait. 


To address this gap, full-scale facilities have been developed, or are under 
development, such as the Integrated Civil and Infrastructure Research Centre 
(ICAIR) at the University of Sheffield (Figure 9.4) and the full sub-surface model 
at the IKT — Institute for Underground Infrastructure in Germany (Figure 9.5). 

Their common aim focuses on producing results that could identify inaccurate 
assumptions or specifications, and supporting numerical models for the 
simulation of precipitation and runoff events in urban areas. By obtaining this 
outcome, numerical models could be better calibrated and validated, and could 


Figure 9.5 Scheme of the full-scale experimental facility designed and under 
development at IKT-Institute for Underground Infrastructure. ©IKT-Institute for 
Underground Infrastructure (Goerke, 2019). 
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increase their ability to assess the hydraulic performance of existing and new 
drainage systems, making a stronger impact in municipalities and reducing the 
potential damages associated with urban flooding. By increasing accuracy, 
full-scale experimental facilities (Figures 9.4 and 9.5) can take into consideration 
typical hydraulic conditions (backwater effects, overflow situations, rain-runoff 
interaction) on the road surface in connection with underneath sewer systems, 
that if replicated within a scale model, may not be precisely replicated with all 
associated features included. Furthermore, multiple existing materials and 
geometries adopted in different countries can be tested for efficiency without the 
issue of having to scale properties that could be fundamental in the replication of 
the phenomenon to investigate. 

Outside of the laboratory, there has been a recent shift to better understand 
sustainable design through the use of ‘living labs’, i.e. experimental field study 
space constructed into the built environment (Hutley ef al., 2011; Lima & 
Ribeiro, 2016). While there has been an acknowledgement through much of the 
21st Century of the role that SuDS can play at limiting urban runoff, their 
integration with both new and existing urban drainage schemes has been limited, 
particularly in England (Melville-Shreeve ef al., 2018). It is imperative therefore 
that SuDS design is optimised through experimental field modelling, as well as 
that at the laboratory scale, to ensure standards are retained, and the most 
effective design is integrated (Tedoldi et al., 2016). There are now a number of 
best practice installation, which have also been used for experimental field 
studies (Fach & Dierkes, 2011; Garcia-Serrana et al., 2017). By integrating a 
two-phased calibration and validation approach, it is possible to model field data 
with an acceptable level of accuracy, accounting for epistemic and aleatory 
uncertainty (Beven, 2016; Lamera et al., 2014; Mei et al., 2018; Versini et al., 
2015). 

Using experimental data previously described is crucial to validate numerical 
models and hence develop confidence on the predictions for future events of 
similar magnitude. To date, only a few experimental datasets have been 
available for numerical model validation (bulk flow measurements taken at a 
small number of points in the model domain, often including the catchment 
outlet, water levels obtained by CCTW cameras). However, the 2D nature of 
modern distributed models requires spatially distributed observational data (e.g. 
water depth or flow velocity) at a scale adequate to model predictions for 
successful validation. Full-scale facilities already constructed and those under 
development can expand the possibility to secure these records over the course 
of a simulated flood event. Successfully validated experimental field scale 
studies allow for a better understanding of external parameters, which often 
cannot be replicated in a laboratory setting, for example the ability to understand 
the influence of maintenance of sites, the availability of a long term, ideally 
continuous, dataset and the ability to utilise dynamic catchment-scale rainfall 
and ultimately, flow. 
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Sites such as the 12.5 km? Pontbren catchment in Powys, Wales, which was 
maintained between 2004 and 2009, provide an experimental field site to better 
understand the influence of different land management methods (Marshall et al., 
2009; Marshall et al., 2014; Wheater & Evans, 2009). The Pontbren project 
aimed to provide a long-term, continuous record of how different farming 
techniques and catchment management approaches altered the hydrology of 
the area, by monitoring soil structure change, infiltration rates, peak flow and 
rainfall (Bulygina et al., 2013; McIntyre & Marshall, 2010). A further example of 
catchment-scale experimental research is by Heal ef al. (2006), at the 
Dunfermeline Eastern Expanse, a 5 km? site consisting of three ponds (the largest 
being 15,495 m? ) and an 18,633 m? wetland area. The research enabled a better 
understanding of how each pond and the wetland system managed stormwater 
quantity and quality over a four-year period, informing future maintenance to 
ensure standards for water quality improvements, and quantity reduction are 
retained. 

However, there are issues to be faced when using active urban drainage systems 
as test models that can be associated with the likelihood of equipment being 
damaged or stolen, depending on the site chosen (Gomani et al., 2010; Rivett 
et al., 2008; Ruhl et al., 2001). There is a need for continuous data to understand 
long-term trends of SuDS systems, as runoff is inherently dynamic, but also for 
example, to understand how natural seasonal vegetation growth cycles influence 
runoff, however this is not always possible due to extraneous circumstances, 
such as data-drop-out, battery-life span and equipment failure (Roinas ef al., 
2014). It is therefore common for urban modelling to utilise less expensive 
monitoring equipment, which can be of a reduced resolution, to negate the 
cost-impact of tampering of equipment (Chetpattananondh ef al. 2014; Rivett 
et al., 2008). 


9.3 CONCLUSIONS 


Climate change, urbanisation and ageing conditions make future urban flood events 
very difficult to predict. However, despite this huge challenge that engineers, urban 
planners and policymakers will have to deal with, it is crucial to be able to develop a 
better understanding of this uncertain phenomenon, to facilitate decision-making 
and the identification of tools and strategies to adopt, and to achieve the desirable 
goal of reducing urban flooding and its negative impacts. 

This chapter has grouped research studies conducted to date to enhance the 
quality of experimental and numerical urban flood modelling for a better 
prediction of future flood events. It is clear that there is a great emphasis in the 
literature on improving the accuracy of models, and continuous progress is being 
made on understanding areas for improvement to reduce impacts on existing and 
new infrastructure. This development is directly associated with the availability of 
data, which is limited or may not exist for specific hydraulic conditions. The 
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understanding of precise links between each variable involved during flooding 
conditions still requires more assessments and more research is needed and 
should be prioritised to assess and reduce flood impacts. To achieve more 
consistent and less incomplete flood impact assessments, the collection of more 
data would be highly valuable to build upon. 

Continuous development of technology aids the improvement of new tools and 
measurement techniques (Nichols ef al., 2020; Rojas Arques et al., 2018) to design 
and inspect more accurate scaled and full-scale models. Multiple aspects need to 
be advanced in the future, and stakeholders should all combine resources and 
strengths to: 


Provide a better understanding of urban flooding and its causes, studying 
features not fully investigated to date such as manhole covers removal due 
to high pressure in overflowing manholes; sediment transport in pipes and 
in streets and the interaction of the two systems during flooding scenarios; 
micro plastics settled in the road-deposited dust and urban surface soil. 
Data obtained should be made open access so that numerical modellers 
across the world can calibrate and validate their models. There is a need for 
practically orientated technological solutions to provide protection for the 
environment and property and to maintain the functionality of the entire 
infrastructure. Concepts for both public and private wastewater systems 
which result in the most damage-free removal of the precipitation water 
and minimise the risk of flooding events (e.g. temporary retention of large 
volumes of water, delayed passing-on of precipitation and combined 
wastewater, throttling of influxes and outflows) are, in particular, thus 
gaining in importance. 

Make cities more liveable, combining both ‘soft’ and ‘hard’ engineering 
solutions to achieve sustainability of urban systems. Sustainable Drainage 
Systems and reuse and recycling technologies are in continuous progress 
and efforts should be made to facilitate the transition to these new systems. 
Identify procedures for better monitoring, repairing and rehabilitating 
existing infrastructure. Methods are required to reduce groundwater 
infiltration into sewers, to reduce the risk of sewer blockages to improve 
their serviceability. Rehabilitation techniques such as cured-in place pipes 
are continuously increasing their confidence, however to be able to 
generate benefits in many countries around the world, they need to 
guarantee not only the structural repair of the old pipe, but also ecological 
compatibility with different materials, under varying chemicals and 
environmental conditions from one country to another. New materials, such 
as glass-fibre-reinforced plastics GRP, needle-felt, plastic coatings and 
reactive resins, for example, are coming into use everywhere for the 
rehabilitation of existing systems. The behaviour of these materials raises 
new questions, particularly with respect to such aspects as durability, 
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high-cycle fatigue performance, ecological efficiency and sustainability — and 
also in respect of anticipated new requirements. Changing environmental 
conditions (e.g. longer dry periods, increasingly frequent heavy rainfall 
events), and also greater volumes of road traffic (e.g. increases in 
heavy-goods traffic) definitively influence material performance. 


Nowadays, new technologies continue to be introduced at a rapid rate, therefore new 
accurate and sophisticated equipment as well as faster computers can be used to 
enhance the quality of physical modelling and its outcomes. To further improve 
existing ideas, communities should be promoting awareness and improving 
environmental education. The public should be invited to respond to plans and 
proposals designed by authorities and private companies, providing invaluable 
local experience to refine planned physical models because community 
engagement is an essential component of sustainable flood risk management. 
Public participation can thus directly inform decisions and support the execution 
of actions rather than only raise awareness. 
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10.1 INTRODUCTION 


With the protection of the aquatic environment being increasingly valued and 
understood, environmental water quality standards have become more 
comprehensive and stringent in the last decades. For example, the EU Water 
Framework Directive (WFD) (European Parliament and Council of the European 
Union, 2000) establishes a holistic legislative framework consolidating relevant 
environmental water quality standards and sets an overarching aim of good 
(chemical and ecological) status required for all water bodies by 2027 at the 
latest. Urban wastewater systems (UWWSs) are a key pollution source to the 
surface water quality, mainly by the effluent discharges from wastewater 
treatment plants (WWTPs) and combined sewer overflows (CSOs). In the 
traditional management regime, WWTP discharges have been the focus of 
regulation and cost is expected to escalate to meet the greater regulatory 
expectations. For example, £27 billion ($46 billion) was estimated to be invested 
to install additional treatment capacity (e.g., biological, adsorption or 
ultrafiltration processes for the removal of metals, pharmaceuticals, nutrients and 
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ammonia etc.) in the UK between 2010 and 2030 (Severn Trent Water Limited, 
2013) to meet the ‘good status’ requirement of the WFD (Georges et al., 2009). 
In addition to the financial burden, enhanced treatment (e.g., increased aeration or 
carbon source addition, and treatment process extension) can increase 
Greenhouse Gas (GHG) emissions (Flores-Alsina et al., 2011; Georges ef al., 
2009; Sweetapple et al., 2014a, 2014b), thus contributing to climate change. The 
increased wastewater treatment under the WFD is estimated to increase GHG 
emissions by over 110 million kilograms per year in the UK (Georges et al., 
2009). As such, it is difficult to comply with a stricter effluent permit without 
raising GHG emissions (and cost) by the conventional strategy of enlarging the 
capacity of existing treatment processes. 

In contrast to the strict regulation of effluent discharges from WWTPs, spills of 
untreated wastewater from CSOs are separately controlled by simple measures such 
as spill frequency (Environment Agency, 2011; U.S. Environmental Protection 
Agency, 1995), even though the highly concentrated wastewater spills have an 
acute toxic effect and can be lethal to the aquatic community (Kay et al., 2008; 
Phillips et al., 2012; Weyrauch et al., 2010). Indeed, research has clearly shown 
the poor correlation between reducing CSO spill frequency or volume and 
improving receiving water quality (Lau et al., 2002). It was estimated that some 
8000 of approximately 25 000 CSOs in England and Wales were causing water 
problems at the beginning of the 1990s (Clifforde er al., 2006) and many remain 
underperforming even today (Nardell, 2012). The investment needed to improve 
CSOs is considerable, for example, £2.9 billion ($4.9 billion) was estimated for 
the UK (Clifforde et al., 2006) and £26.5 billion ($45 billion) for the USA (U.S. 
Environmental Protection Agency, 1999). 

To address urban water pollution in a more sustainable manner, nonconventional 
engineering solutions have been investigated and practiced. These include source 
pollution control such as green/grey infrastructure and optimal operation of the 
wastewater systems to minimise overflows to sensitive sites and/or to maximise 
treatment efficiency against dynamic wastewater inflows. However, sewer and 
WWTP are often operated separately and poorly coordinated. For example, 
operational strategies of the sewer system are usually developed to minimise the 
volume of wastewater spill and retain for treatment with limited account of 
the capacity of the WWTP (U.S. Environmental Protection Agency, 1995). 
Likewise, technological measures targeted at the WWTP, such as resource 
recovery and recycling schemes (Guest ef al., 2009; Jin et al., 2015; Mccarty 
et al., 2011), innovative wastewater treatment technologies (Castro-Barros et al., 
2015; Strous et al., 1997; U.S. Environmental Protection Agency, 2013) and 
efficient operation and control techniques (Sweetapple ef al., 2014a; Thornton 
et al., 2010), are developed with little consideration of the interactions between 
the WWTP and the sewer. This may lead to under-performing solutions as the 
overall impact of the urban wastewater system on the receiving water is not fully 
appraised (Lau et al., 2002). 
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Integrated modelling of the sewer system, WWTP and receiving water body is a 
valuable tool in providing a holistic view of system performance (Bach ef al., 2014; 
Butler & Schütze, 2005; Meirlaen, 2002; Vanrolleghem et al., 2005). Traditionally, 
models for the individual components of the UWWS were developed in a separate 
way with limited consideration of the impact from/to other components. However, 
the interactions are non-negligible to the system performance. For example, 
the surface runoff directly determines the wastewater load transported in the 
combined sewer systems, which in turn affects the amount of CSOs to the 
receiving water and inflow to the WWTP; sewage septicity and sulphide 
generated in the sewer system are associated with sludge bulking in the WWTP; 
and the operation in the primary clarifier affects the treatment performance in the 
activated sludge reactor, which in turn influences the solid settling property in the 
secondary clarifier (Schütze et al., 2002). Integrated modelling can represent the 
interactions between different components and has already been used to 
demonstrate the potential for significant improvements in river water quality by 
coordinated optimisation of the operational or control strategy within an UWWS 
without the need for upgrade or redesign of the treatment system (Fu er al., 2008; 
Meng et al., 2016; Saagi et al., 2017; Schütze et al., 2002). Apart from surface 
water quality analysis, multiple features of system performance (e.g; GHG 
emissions, cost, sulfur compounds and micropollutants) can also be evaluated 
using mathematical modelling (Fu et al., 2008; Guo et al., 2012; Snip et al., 
2014; Sweetapple et al, 2014b; Vezzaro et al, 2014a) and be considered 
simultaneously in optimising system operation by multi-objective optimisation 
tools (Deb ef al., 2002). Research findings indicate a trade-off between river 
water quality and GHG emissions. That is, better river water quality is likely to 
be achieved with more GHG emissions. To address this, integrated real-time 
control (RTC) can be applied to achieve responsive operation within the UWWS 
according to the assimilation capacity of the environment. In this chapter, a brief 
review is provided on the state-of-the-art of integrated modelling and control of 
UWWSs. 


10.2 INTEGRATED MODELLING OF UWWS 
10.2.1 A brief history of integrated modelling 


The idea of integrated modelling was first proposed by Beck (1976) and one 
of the early models was developed by Beck and Finney (1987) for the study of 
operational strategies in UWWSs to reduce stress on downstream rivers. Studies 
revealed the interactions between different subsystems in an UWWS and called 
for the development of holistic approaches for improving the quality of receiving 
waters (Harremoés et al., 1993; House et al., 1993). The INTERURBA 
(Interactions between sewers, treatment plants and receiving waters in urban 
areas) workshop in 1992 reviewed the state-of-the-art in wastewater system 
simulation and identified requirements and challenges in UWWS modelling 
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(Lijklema et al., 1993). The workshop stressed the need to design and operate sewers 
and WWTPs based on the impacts on the receiving water. Meanwhile, an important 
development in WWTP modelling had taken place. The efforts to standardise 
activated sludge models by the IWA Task Group on Mathematical Modelling for 
Design and Operation of Biological Wastewater Treatment led to the generation 
of the Activated Sludge Model No. 1 (ASM1) (Henze et al., 1987). This was a 
milestone in WWTP modelling, which also paved the way towards improved 
simulation of the sewers and rivers. 

There was a renewed interest in integrated modelling of UWWSs during the late 
1990s, fuelled by the availability of technical know-how and increased 
computational power. The enforcement of the EU WFD necessitated a shift from 
the traditional emission-based strategies to receiving water quality-based 
approaches for the management of UWWS (Vanrolleghem et al., 2005), hence 
generating new interests in integrated modelling and control. The INTERURBA 
II conference in 2001 was an indication of the continued, strong interest (Rauch 
et al., 2002). Parallel to standardised WWTP modelling, efforts were also made 
in developing a standard and consistent framework for river water quality 
modelling, for example, RWQM1 was developed which was compatible with the 
ASMs (Reichert et al. 2001b; Shanahan et al., 2001; Vanrolleghem et al., 2001). 
With the availability of standard models of subsystems, efforts towards 
integration strengthened further. Software platforms were developed by academic 
groups and commercial software developers for integrated modelling (e.g., 
Achleitner et al., 2007; DHI, 2020; Ifak, 2016; Mannina et al., 2006; Saagi et al., 
2017; Schütze et al., 1999; Vezzaro et al., 2014a). Integrated models were 
reported to be developed for different urban catchments, for example, Odenthal, 
Germany (Erbe et al., 2002), Copenhagen, Denmark (Harremoés ef al., 2002; 
Vezzaro et al., 2014b), Lambro river, Italy (Benedetti et al., 2007), and Dommel, 
the Netherlands (Weijers et al., 2012). Integrated models have been used for 
holistic analysis of the performance of UWWSs and the development of 
mitigation and adaptation strategies for tackling challenges such as climate 
change, population growth and urbanisation (Astaraie-Imani et al, 2012; 
Doglioni et al., 2009; Fu et al., 2009). 


10.2.2 Overview of integrated models 


In order to describe the entire UWWS, models to describe the underlying 
sub-sections are developed and integrated. As illustrated by an example of the 
integrated urban wastewater system (Figure 10.1), the major sub-sections 
generally considered for modelling are: 


* urban catchment; 

* sewer network; 

* wastewater treatment plant; 
* receiving water system. 
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Urban catchment is the source of all the wastewater generated in a city. Major 
components described are: (1) wastewater generation from households and 
industries; as well as (2) stormwater runoff from surfaces during rain events. In 
addition, seepage of stormwater to the soil can also be important, especially for 
systems with significant infiltration to sewers. In order to be able to provide all the 
required information for the other sub-sections (sewer network, WWTP, receiving 
water system), it is important to consider the key variables that must be described 
using these models. In general, flow rate and pollutant concentrations are described. 

Model development for sewer networks should take into consideration the 
possibility to describe both combined sewer systems and separate sewer systems. 
Model blocks for describing different types of sewer (gravity sewers, rising means) 
and other elements involved in the sewer system (storage tanks, pumping stations) 
are required. While conventionally hydraulic models (Saint-Venant’s equation 
(Saint-Venant, 1870)) are used to describe sewer dynamics, a conceptual modelling 
approach (representing the sewer networks as a series of reservoirs) is commonly 
undertaken in the context of integrated modelling (Viessman ef al., 1989). The 
main reason behind this model simplification is to increase computational speed as 
well as to reduce the need for detailed sewer characteristics and data. 

Wastewater treatment plant models generally describe various unit operations 
involved in the primary, secondary and tertiary treatment of wastewater. The 
biological processes are described using ASMs (Henze ef al., 1987). The choice 
of models in this case also depends on the ease of integration of wastewater 
treatment plant models with the upstream (sewer network) and downstream 
(receiving water system) sub-sections. 

Receiving water systems can range from streams and rivers to oceans depending 
on the geographical location of the city. In literature, models describing 
physico-chemical and biological variations in the river water system are available. 
Traditionally, river water quality models have evolved from using the Streeter— 
Phelps model (Streeter & Phelps, 1925) for describing oxygen dynamics to a very 
detailed description of various biochemical processes. QUAL family of models 
(e.g., Brown & Barnwell, 1987) and WASP (Di Toro et al., 1983) are examples 
of this approach. In the context of integrated modelling, river water quality model 
1 (RWQM1) (Reichert et al., 2001a), developed by IWA task group, on river 
water modelling is of significance. This model overcomes several limitations in 
the earlier models and also increases the ease of integration of river water quality 
models with WWTP models, an essential pre-requisite for integrated modelling. 


10.2.3 Challenges in the development of integrated 
modelling 
Although detailed models for all the sections exist, the idea of integrating them is far 


more complex and challenging than simply plugging them together. The major 
challenges and some approaches to handle them are described below. 
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Adapting to the purpose — simplifying the model: The models for sewers, 
WWTPs and rivers are made for different purposes and cannot be 
integrated without modifications/simplifications to the model. For 
example, in the case of sewer models, 2D continuity and momentum 
equations (Saint-Venant equation) are replaced by conceptual models 
(Meirlaen et al, 2002; Solvi, 2007). This not only allows for the 
integration of sewer models with other elements in the UWWS, but also 
significantly reduces the simulation times. Other simplifications in terms of 
spatial and time boundaries are also commonly employed (Vanrolleghem 
et al., 2005). 

Adapting to the purpose — adding complexity to the model: While some 
aspects of the models are simplified, other areas need an improved 
description of the underlying processes. The difference in the level of detail 
and complexity between sewer models and WWTPs in terms of their 
ability to describe pollutants needs to be reconciled (Fronteau et al., 1997). 
A major step towards reconciliation between WWTP and river quality 
models is RWOMI (Reichert et al., 20012). The modelling framework for 
RWOMI draws inspiration from ASM models for WWTPs and also 
facilitates interfacing with WW'TP models. 

Model calibration and validation: Integrated models aggravate the 
identifiability and model calibration issues that already exist in the models 
for the individual sections (Reichert & Vanrolleghem, 2001; Sin et al., 
2005). Coupled with this is the need for extensive data collection 
campaigns needed to satisfactorily calibrate the UWWS models. Detailed 
frameworks are developed to address this issue and provide guidelines on 
the best practices for applying integrated models to real urban catchments 
(Breinholt et al., 2008; Muschalla et al., 2009). Nevertheless, one should 
recognize the fact that inherent identifiability issues and their effect on 
model calibration cannot be completely removed. 


10.2.4 Modelling platforms for integrated UWWS 


Some commonly available commercial/free software platforms for integrated 
modelling are briefly described below. 


The WEST modelling software offers WESTforIUWS (DHI, 2020), which 
can simulate the catchment, sewer, WWTP and river water system of an 
integrated UWWS. It offers the possibility to evaluate water quality-based 
objectives for both long- and short-term evaluation periods. Additionally, 
uncertainty and sensitivity analysis of the models can also be performed. 

SIMBA# water is developed by Institut fur Automation und Kommunikation 
(ifak), Germany (Ifak, 2016) and is used for simulation of the integrated 
UWWS. The software consists of a model library to simulate processes in 
sewers, WWTPs and rivers. Simplified hydrological models as well as 
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hydrodynamic models are available for the sewer network. Various modules 
for biochemical and physical processes in the WWTP and biochemical 
processes in the river are included. Additionally, it facilitates easy 
implementation of control studies. There is a possibility to program the 
controllers using industry standard languages such as structured text, petri 
nets etc. 

CITY DRAIN is a free open-source Matlab based toolbox for integrated 
UWWS evaluations (Achleitner et al., 2007). It has hydrological models 
for sewers and river systems as well as a simplified WWTP model. It gives 
the users the possibility to create their own user defined blocks in addition 
to the existing model library. It allows for fast simulation of the UWWS 
owing to its simplified nature. 

BSM-UWS is a Matlab based platform primarily developed for 
benchmarking integrated control strategies (Saagi ef al., 2017). However, 
the toolbox includes a model library that can be used to model several 
other integrated UWWSs. It includes several possibilities to develop and 
evaluate control strategies using a standard set of evaluation criteria. 


10.2.5 Guideline for integrated modelling — HSG guidelines 


In order to encourage a widespread application of integrated modelling 
studies for UWWS, The Central European Simulation Research Group 
(Hochschulsimulationsgruppe-HSG, www.hsgsim.org) has developed a guideline 
document identifying the key steps for successful implementation of an integrated 
modelling project for UWWS (HSGsim, 2008). The document (in German) 
explains the key steps in detail and presents three successful case studies. An 
overview of the six-step procedure (Figure 10.2) summarised from Muschalla 
et al. (2009) is provided here. 


(1) 


Q) 


System analysis: This step includes understanding the present state (e.g., 
current regulatory compliance status, data availability) and also 
determining a future/target state that the modelling study is expected to 
identify. The future state can be an improvement in terms of compliance, 
economic costs, and process efficiency etc. Very often a combination of 
several criteria is aimed for. In most cases, such a system analysis study 
is undertaken well before the beginning of any modelling exercise. 

Processes and criteria: in this step, the outline provided from the previous 
step is further refined. The root cause for the problems in the current 
system is identified. Additionally, the underlying processes to achieve 
the defined target state are also described. Further, potential measures 
that can lead to reaching the target state are identified. These measures 
will be further modified/supplemented in later stages. A critical process 
in this step is to also identify the model boundaries and outline the 
interactions and model requirements for the different sub-sections (sewer 
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Figure 10.2 An overview of the key steps in the HSG procedure for integrated 
modelling (adapted from Muschalla et al., 2009). 


(3) 


network, WWTP, receiving water system). An important question to 
answer will be — is an integrated model really required to achieve the 
target? While integrated modelling offers excellent value for several 
situations, there can be cases where modelling at the sub-section level 
can be sufficient. 

Modelling approaches and data demand: Based on the key processes and 
interactions identified in step 2, a thorough identification of the 
modelling requirements is conducted in this step. The model complexity 
should be sufficient enough to be able to describe the identified 
processes. Based on this analysis, it can be determined if the current 
models are sufficient or should be further modified/adapted to meet the 
requirements of the project. Another major aspect is the vast amount of 
data needed from different sub-sections for such a study. A major 
challenge will be to reconcile the differences in data quality and 
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(4) 


(5) 


(6) 
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frequency from the different sub-sections. A major milestone at this point is 
to compare the data requirements for the model with the actual data 
availability. A key decision based not only on the mismatch (if any) 
between available and required data but also based on time and economic 
costs for the project will be to either conduct additional measurement 
campaigns or reduce the model complexity to match the available data. 
Analysis of model and data: In order to gain confidence in the model and 
simulation results, it is a pre-requisite to have good quality data. Analysis 
of the existing data quality is essential to ascertain the data quality. 
While systematic data validation methods are available in literature, it is 
not always possible to apply them due to limitations in time and money. 
Additionally, preliminary simulations can help us understand the model 
behaviour and also point out any modelling errors using plausibility 
checks and process knowledge. Interfaces between the different sections 
should be carefully evaluated. In general, through this step, a good 
understanding of the various components contributing to the uncertainty 
in model results (data, model, parameters etc.) can be achieved. 
Calibration and validation: In general, there is always a discrepancy 
between the model results and the measured data. A model calibration 
exercise should be devised keeping in mind the simplifications in the 
model as well as parameter identifiability issues. A good approach is to 
separate the measured data into two sets — one set for model calibration 
and the other for model validation. Potentially, these two datasets should 
have different characteristics in terms of rainfall patterns. In order to 
identify the key parameters for model calibration, a sensitivity analysis 
study can be handy. The individual sub-sections should first be calibrated 
followed by further calibration after integrating them. Also, calibration of 
the hydraulic/hydrology model should be first carried out before 
calibrating the pollutant quality models. 

Scenario analysis: The measures identified in step 2 can be further refined 
and turned into more concrete scenarios by also considering the model 
inputs and the evaluation period. A baseline scenario should also be 
defined to compare with various future scenarios and evaluate 
improvements in the defined objectives. In addition to the scenarios 
already identified earlier, new scenarios can also be defined. However, 
the newly identified scenario should be validated by following the earlier 
steps again. In case a thorough calibration is performed, the scenarios can 
be analysed both using relative improvements as well as absolute 
numbers. However, with limited calibration efforts, only a relative 
comparison between the different scenarios can be made. 


An additional process that should be carried out in all the above steps is the 
continuous documentation. The documentation should include the objectives, 
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data needs, and model details etc. It will aid in providing a good understanding to 
different stakeholders and also to ensure reproducibility of the simulation results. 


10.3 INTEGRATED CONTROL OF UWWS 


The application of RTC in UWWSs has gradually matured in line with the 
development of automation control technology and the understanding of the 
treatment processes. Started from primary control of water levels, flow rates, 
pressures and temperatures, the application then developed further into 
concentration control, which requires at least a basic knowledge of the reactions 
and processes. Mathematical models are usually formulated based on the acquired 
knowledge and combined into the controller design. With the development of 
on-line nutrient sensors, the fixed set-point DO control in the reactor, which is a 
surrogate parameter for biological process control, evolved into variable set-point 
DO control with direct and more reasonable objectives such as ammonia removal 
rate (Olsson, 2012). 

Besides the control of single treatment units (i.e., ‘local control’), RTC can be 
applied to the whole WWTP to coordinate and optimise the control in the plant 
systematically (Duyy & Laboratorium, 1975; Serra et al., 1993). This is termed 
‘global control’ as defined in Schütze et al. (2002), referring to control where 
sensor information from within the same subsystem (i.e., sewer system, WWTP, 
receiving water) is used to determine the setting of a control device. Examples 
are ratio controlled return sludge pumping rate according to inflow rate to the 
WWTP (Bauwens ef al., 1996), and overflow threshold setting of CSOs based on 
volume and quality measurement in the sewer system (Petruck ef al., 1998). The 
‘integrated control’ of the UWWS, as opposed to ‘global control’, is characterised 
by two aspects (Schütze et al., 1999): 


(1) Integration of objectives: Objectives of control within one part of the 
UWWS may be based on criteria measured in other subsystems; 

(2) Integration of information: When taking a control decision within one part 
of the system, information about the present or predicted future state of 
another subsystem may be used, hence state information is transferred 
across subsystem boundaries. 


Examples of integrated control are Aeration Tank Settling in the WWTP based 
on rainfall prediction or flow information in the sewer (Nielsen ef al., 1996); 
overflow threshold setting of detention basins by downstream river DO condition 
(Rauch & Harremoés, 1999); control of the inflow to the WWTP according to 
ammonia concentration in the downstream river (Meirlaen et al, 2002); 
rule-based aeration in the WWTP based on the dilution capacity in the upstream 
river (Meng ef al., 2017); and a hierarchical control that overrides local 
controllers on CSO overflow threshold and inflow to the WWTP according to the 
loading condition in the sewer system, WWTP and the receiving water (Schiitze 
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et al., 1999). Despite the advance in the research on RTC of the integrated UWWS, 
real-life implementation of the RTC technology is mostly limited to local (i.e., 
within the sewer system or WWTP) control (Escaler, 2004; Fuchs & Beeneken, 
2006; Ito, 2004; Pleau et al., 2005; Thornton et al., 2010). 

For predictive global or integrated UWWS control, a complex non-linear system 
model is usually used to determine time-varying set-points or control inputs 
according to process evolution. The RTC system is typically structured in three 
hierarchical levels, that is, field level, system level and supervisory level (Olsson, 
2012; Schiitze et al., 2004). The sensor information from all units of the system 
is gathered and structured in the field level and transmitted to the system level. 
On this second level, reasoning modules, containing a heuristic knowledge of the 
process, would use the experience from previous similar and particular operating 
situations to provide suggested strategies. The strategies yielded on the system 
level would be sent upwards to the supervisory level, where a simulation model 
of the system would be employed to evaluate the strategies. The optimised 
strategy is then conveyed downwards for implementation (Olsson, 2012). 

Predictive control can be optimised online or offline. In online optimal control, 
the simulation model is fed by real-time sensor information and provides 
estimation of the performance of control actions in a specified prediction horizon 
(e.g., 2 hours). The optimal control action(s), which performs best in achieving 
pre-defined goals, can be evaluated and implemented at every control time step 
(e.g., 5 minutes). As the computational time of detailed mechanistic models may 
be too great to be practical for online control optimisation, model simplification 
is often needed (Schütze et al., 2004). 

Despite the reasonable logic and successful application in some real-life cases 
(Pleau et al., 2005; Scheer et al., 2004), the use of online optimal control faces a 
number of problems related to practical applicability. In particular, when 
considering the system in its entirety, this can include the potential long-term 
effects associated with some water flow and quality changes (e.g. loss of 
nitrification in the treatment plant, sediment oxygen demand in the receiving 
water body) (Butler & Schütze, 2005). As an alternative, offline optimal control 
could be employed. As computational time is less of an issue in the offline 
approach, detailed modelling of the wastewater system can be used to analyse the 
long-term impacts of the control actions. The control algorithm could be 
pre-defined in the form of a set of ‘if-then’ rules or a decision matrix (Meng 
et al., 2017). The quantification of the set-point values and parameters in the 
control algorithm can be optimised by different approaches, ranging from simple 
trial-and-error method to sophisticated stochastic optimisation tools (e.g., Genetic 
Algorithms) (Butler & Schütze, 2005). 

Benchmarking tools consisting of predefined model inputs, a model library to 
describe the various sub-sections, a hypothetical system layout (which is 
described using the model library) and a standard set of evaluation criteria are 
available now. Such tools allow for easy adaptation as well as an objective means 
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to evaluate various control strategies. Currently, such tools are available for the 
individual sub-sections — sewer system, WWTP as well as for the entire UWWS 
(Saagi et al., 2017). 


10.4 TOWARDS REAL-LIFE IMPLEMENTATION OF 
INTEGRATED OPERATION AND CONTROL 
10.4.1 Regulatory implications 


Research studies on integrated operation and control of UWWSs have been 
conducted with limited representation of real-life constraints from environmental 
policy. This is reflected by the simplified form of standard limits (e.g., maximum 
ammonia concentration) (Fu et al., 2008; Schütze et al., 2002) in describing river 
water quality, incomplete application of environmental standards (e.g., use wet 
weather-related standards only) (Lau ef al, 2002; Meirlaen, 2002), short 
evaluation period (e.g., 1 week) (Fu ef al., 2008; Schütze et al., 2002), and no 
coverage of the impact of implementing an optimal integrated operational 
strategy on the compliance of wastewater discharge permits. As such, limited 
insights were provided on the regulatory risk of implementing integrated 
operational or control strategies. 

Meng et al. (2016) were among the few attempts of assessing integrated 
operation and control of UWWSs under a realistic policy context. The integrated 
operational strategies of a semi-hypothetical UWWS were optimized against 
higher environmental water quality and lower operational cost (a surrogate 
indicator of GHG emissions). Compared to the baseline operational strategy, the 
optimal integrated operational strategies can improve the receiving water quality 
from ‘moderate’ to ‘good’ status defined by the EU WFD with lower operational 
cost, demonstrating the benefits of optimisation of system operation in an 
integrated manner. However, a new regulatory approach is necessary to achieve 
the desired environmental benefits. This is because tighter effluent discharge 
permit limits by the traditional regulatory approach can be achieved by various 
strategies, with some resulting in worse environmental water quality due to the 
increased CSOs which is weakly regulated. Operational-based permitting, which 
prescribes the optimal operational scheme expected to deliver the desirable 
outcomes, is a reliable regulatory approach. 


10.4.2 Technical implications 


Data availability: The importance of integrated modelling has been clearly 
established for a very long time (more than 40 years ago). Hence, there have 
been several attempts to model and evaluate integrated UWWSs. Various 
models specifically tailored for integrated studies are available in scientific 
literature as well as commercial and free simulation tools. However, a huge 
challenge is in terms of data availability and model calibration efforts. Given 
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the large scale of such studies, dedicated efforts to identify available data, assess 
the requirement for additional data, execution of measurement campaigns and 
finally a systematic model calibration and validation are required. In all the 
steps, a balance between rigorous execution, model parsimony and economic 
costs should be made. 

Uncertainty analysis: It is also equally important to understand the various 
sources of uncertainty and their propagation in order to be able to evaluate the 
model outcomes and arrive at practical solutions. Traditional uncertainty analysis 
tools are very extensive but given the high computational time and multiple 
sources of uncertainty arising in integrated modelling, it can be practically 
difficult to implement such methods. Research studies trying to address the gaps 
in identifying solutions for uncertainty assessment are in progress. 


10.4.3 Institutional /organizational implications 


The organizational structure of various entities managing the different sections of an 
urban wastewater system greatly influences the success of any integrated modelling 
project. In several places, the management of sewer network, WWTP and river 
water system is undertaken by different organizations with limited or no 
communication between them. In such cases, the first step towards implementing 
integrated modelling and control solutions is to bring the different stakeholders 
together on a common platform to facilitate exchange of ideas and knowledge. It 
can be an excellent opportunity for newly developing cities to implement such 
solutions as the institutional frameworks are not fully established and can be 
integrated from the start. 


10.4.4 KALLISTO: A successful showcase 


The river Dommel in the city of Eindhoven, which receives discharges from a 
WWTP (750 000 PE) and 200 CSOs, was failing the good status requirements by 
the EU WED. To address the pollution challenges in a cost-effective manner, the 
Waterschap De Dommel launched the KALLISTO project to develop and 
implement impact-based integrated RTC systems for improving the water quality 
of the river Dommel. This system has already had RTC equipment in the 
interceptor sewer since early 1970s. A screening study was also performed 
according to the planning tool PASST, which showed that the UWWS is suited 
for control. As such, this system was an ideal case for the study of the 
state-of-the-art integrated control technology. The rainfall, flow rated data in the 
sewer and water quality-related data in the WWTP were monitored since 2006. 
The river was also monitored for the DO and ammonia level since 2006. These 
data were reviewed first to understand the UWWS and the need of the river and 
then used for model establishment and calibration. 

WEST was used for building the integrated UWWS model. The sewer system 
was simulated in a simple manner with no water quality processes considered. 
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The CSOs were considered to have fixed concentrations of DO and ammonia. A 
simple calibration was conducted for the sewer model to check obvious errors in 
the underlying database rather than to get a perfect fit between the monitoring 
data and the simulation results. Pumping capacity was found to have a significant 
impact on the performance of the sewer and was a key parameter to calibrate. 
ASMOd was used to describe the biokinetics in the activated sludge treatment 
plant. The model was calibrated following the BIOMATH calibration protocol. 
Good modelling practice was adopted so that the focus was not on adjusting the 
parameters in the ASM model but rather the quality of data and information on 
the system characteristics and operation. DUFLOW was used to build a 1D 
hydrodynamic model for the simulation of the river. Discharges from the sewer 
and WWTP can be directly evaluated in the simulation. The integrated model 
was calibrated and run for one year starting from September 2009 with 30 minute 
intervals. Based on the integrated model, the following integrated operation and 
control strategies which maximised river water quality by utilising the storage 
capacity in the UWWS were evaluated. The optimal strategies will be 
implemented for this case study. Further details on the Kallisto project can be 
found in Weijers et al. (2012) and Langeveld et al. (2013). 


10.5 CONCLUSIONS 


Integrated modelling and control of UWWSs is a promising technology enabling 
our wastewater infrastructures to be flexible and intelligent. Different levels of 
integrated control can be implemented as described in this chapter. This chapter 
provides a brief review of the research development in integrated modelling and 
key aspects to be considered for establishing a reliable model under various 
sources of uncertainty. Despite that regulatory, organisational, technical and/or 
financial barriers still exist for widespread implementation of integrated control of 
UWWSs, there are already a few successful cases reported (e.g., the KALLISTO 
project) that provide valuable insights of this advanced technology, which will in 
turn boost its future development. 
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11.1 INTRODUCTION 


As introduced in Chapter 3 of this book, Sponge City Construction (SCC) is a 
national strategy set by the Chinese government as a solution to urban water 
environmental problems within a systematic framework toward sustainable 
development. Similar to other countries and regions, the initial motivation of 
urban water management was mainly related to urban drainage. The applicable 
technology selection followed similar principles as those for Low Impact 
Development (LID) in North America (US EPA, 2000), Water-Sensitive Urban 
Design (WSUD) in Australia (Brown & Clarke, 2007), and Sustainable Urban 
Drainage Systems (SUDS) in Europe (Hoang, 2016). However, the connotation 
of Sponge City not only embraces urban green infrastructure to slow, spread, 
sink, and store surface runoff, infiltration-by-design to assist recharge of urban 
aquifers, mitigation of floods and waterlogging, and letting city surfaces breathe, 
but also stresses the systematic design of the broader urban area so that a city can 
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be made sponge-like and have good ‘elasticity’ in adapting to environmental 
changes and responding to natural disasters and extreme events. 

The formal proposal for the SCC as a national strategy for sustainable urban 
development was in December 2013 at the National Working Meeting on 
Urbanization. President Xi Jinping addressed the meeting and called for the 
promotion of Sponge City Construction through natural storage, natural 
infiltration, and natural purification. Following this proposal, the General Office 
of the State Council (2015) issued the central governmental Instruction on 
Promoting Sponge City Construction in 2015. This governmental document 
firstly sets the goal of SCC as to restore healthy urban aquatic ecology, conserve 
water resources, enhance the capability for urban flood control, expand 
effective investment in public services, improve urban life quality, and eventually 
support sustainable urban development under the harmony between man and 
nature. It was stressed that SCC should adhere to three basic principles, namely 
(1) to insist on the application of ecological technologies and realization of 
natural urban water circulation, (2) to insist on coordinative advancement 
following careful planning, and (3) to insist on governmental orientation and 
social participation. 

This governmental document called for nationwide SCC actions in urban 
development by adopting comprehensive engineering measures, which could be 
denoted by six Chinese characters of ‘Shen’ (Infiltration), ‘Zhi’ (Stagnation), ‘Xw 
(Storage), ‘Jing’ (Purification), ‘Yong’ (Utilization), and ‘Pai’ (Discharge). The 
overall quantifiable target has been set as onsite absorption and/or utilization of 
70% of the rainfall in the SCC project area. It was required that by 2020 the SCC 
target should be reached in more than 20% of the built-up urban area in the 
whole nation, and by 2030 the percentage should reach 80%. 

In addition to these goals and targets, this governmental document stressed the 
fundamental policies to support the nationwide SCC actions, including (1) the 
leading role of city master plans and standards/regulations, (2) orderly 
advancement of SCC activities, (3) governmental social, and financial supporting 
policies, and (4) organization and implementation systems. 

As SCC is a completely brand-new national action, it needs not only policy 
guidance but also reproducible models and successful experiences for all cities 
to follow. To meet such a need, the Ministry of Housing and Urban-Rural 
Development, the Ministry of Finance, and the Ministry of Water Resources 
selected 16 cities as the first batch in 2015 and then another 14 cities as the 
second batch in 2016, for the implementation of SCC pilot projects. Each of 
the pilot cities was subsidized by the central government with 400—600 million 
CHY (Chinese Yuan) per year (about 57-86 million USD per year) over three 
years. By the end of 2019, all these pilot cities made great progress following 
their SCC plans and played central roles in the advancement of SCC actions in 
China. 
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11.2 TECHNOLOGY STANDARDIZATION FOR SPONGE 
CITY CONSTRUCTION IN CHINA 

11.2.1 National standard for assessment of sponge city 
construction 


One important work to answer the central government’s call for SCC actions is to 
provide a national standard. Led by the Ministry of Housing and Urban-Rural 
Development (MOHURD), a group of experts started to develop a standard for 
the assessment of SCC in 2016. After more than two years of extensive 
investigation and research, careful summarization of practical experiences, 
extensive consultation, and referring to relevant international regulations, a 
national ‘Standard for Assessment of Sponge City Construction’ (GB/T51345- 
2018) was put forward in December 2018 and became effective in August 2019 
(MOHURD, 2018). 

The most important feature of this Standard is its clear specifications on the 
assessment items and the related requirements, which provide basic guidance for 
selecting apt technological and engineering measures under the SCC goals. 


11.2.1.1 Total annual runoff control 


Runoff control is the first item of assessment on the SCC effect. It stresses the overall 
effect of surface runoff reduction through various engineering and ecological 
measures. In this regard, various targets have been set according to the annual 
rainfall conditions in different areas over the China mainland. For the Zone I area 
(the vast Northwest region and part of the North and Northeast region where 
annual rainfall is usually less than 500 mm), the total annual runoff control target 
is set to 85-90%, while for the Zone II to Zone V areas (other regions in an order 
of increasing annual rainfall) the lower limit of the total annual runoff control 
target is set to 80, 75, 70, and 60%, respectively, whereas the upper limits are all 
set to 85%. 

It is strictly required that for SCC in newly developed urban areas, the total 
annual runoff control percentage should be no less than the lower limit. For SCC 
in reconstructed areas, it is preferable to follow this requirement if technically and 
economically feasible. 


11.2.1.2 Source reduction 


Source reduction for SCC projects includes the reductions of runoff source flow, 
pollutant sources, and runoff peak flow. Requirements are given to three typical 
urban areas, namely residential districts, roads and squares (including parking 
lots), and parks and green belts, respectively, in this standard. 

For residential districts, the requirement for runoff flow reduction is the same as 
that described in section 11.2.1.1. Regarding pollutants in the runoff flow, it is 
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required that the annual total SS (suspended solids) loading be reduced by no less 
than 70% for new development projects and no less than 40% for reconstruction 
and expansion projects. As for the reduction of runoff peak flow, the principle is 
that the peak runoff effluent from the project area should not be larger than that 
before the project construction. It is also required that for new development 
projects, the paved surface area should not exceed 40% of the whole project area, 
and for reconstruction and expansion projects, it should be no larger than the 
original percentage and not exceed 70% of the whole project area. 

The above requirements are applicable for parking lots and squares, except for 
the last requirement on the percentage of paved surface area. For roads, it is 
advised that pollutant reduction and smooth drainage from the road surface are 
sufficiently considered in their design, especially for the roads that act as 
drainage channels in the rainy season. As parks and green belts are not hard 
surfaces, the requirement for runoff control should be no less than a reduction of 
90% of the annual total runoff. In addition, parks and green belts should be 
capable of accommodating runoff from the neighbouring area. 


11.2.1.3 Waterlogging prevention 


Regarding the prevention of road surface flooding and waterlogging in urban areas, 
it is required that runoff peak flow be effectively reduced and/or staggered by the 
rational interconnection of gray and green facilities. No water stagnation is 
allowed to occur under the conditions corresponding to the design return period 
of the rainwater drainage pipelines, and no local waterlogging is allowed to occur 
under the conditions corresponding to the prescribed return period of rainfall 
intensity. 


11.2.1.4 Urban water environmental quality 


The protection of urban water quality is set as an important goal of SCC projects. It 
also reflects the overall effect of SCC from the viewpoint of water environmental 
improvement. The basic requirement is that the gray and green facilities 
employed can well perform their synergistic roles in runoff pollution control and 
water purification to efficiently prevent water pollution due to overflow from 
combined sewer systems. No wastewater is allowed to be discharged directly into 
any water body in dry weather. Water pollution due to the mixed discharge of 
rainwater and sewage or combined sewer overflow should be well controlled to 
protect the receiving water bodies from the occurrence of black odor. Alternative 
quantifiable criteria are set as a reduction of no less than 50% of the mixed 
discharge from the outlets of separate sewers, or overflow from the outlets of 
combined sewers. Also, the monthly average SS concentration of the effluent 
from treatment facilities should not exceed 50 mg/L. 

Furthermore, no water body is allowed to be within the category of black and 
odorous water, namely, with typical water quality indicators as follows: water 
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transparency >25 cm, DO >2.0 mg/L, ORP >50 mV, and NH4-N «8.0 mg/L. 
The water quality in any water body after an SCC project should not become 
poorer than that before the project, and for rivers, the water quality downstream 
of the project area should not be poorer than that in the upstream in dry 
weather periods. 


11.2.1.5 Urban ecological pattern management and aquatic 
shoreline protection 


From the ecological viewpoint, SCC projects should well protect or improve urban 
ecological settings. It is thus required that the total area of natural waters should not 
decrease after the projects. The natural topography and landscape pattern should be 
well protected and/or recovered. All ecological sensitive areas, such as natural flood 
channels, flood plains, wetlands, forests, and grasslands, should not be encroached 
on for any purpose. 

The protection of ecological shorelines is especially emphasized. For any newly 
constructed, restored, or expanded urban water body, the length of the ecological 
shoreline should be no less than 70% of the total shoreline length. 


11.2.1.6 Variation of groundwater level 


In urban areas, the groundwater level is much influenced by urban development due 
to impervious paving, which considerably reduces rainwater infiltration. It is 
expected that through SCC projects, the decline of groundwater levels can be 
well prevented. Therefore, the variation of the groundwater level in the project 
area should be an important aspect to reflect the overall effect of SCC projects. 
The basic requirement is that the downward trend of the average annual 
groundwater level should be under control. 


11.2.1.7 Mitigation of urban heat island effect 


The mitigation of the urban heat island effect is another important assessment item 
related to the overall effect of SCC projects. It is required that in summer, from June 
to September, the daily average air temperature difference between urban and 
suburban areas should show a downward tendency after the SCC projects in 
comparison with historical records. 


11.2.2 Technical guidelines for sponge city construction 
11.2.2.1 Technological strategy and basic framework 

Following the abovementioned national standard for the assessment of sponge city 
construction, the technological routes can be considered from three aspects. The first 
aspect is the protection of the original ecological setting of the whole urban area, the 
second aspect is the restoration of the damaged ecological units, while the third 
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aspect is the reduction of the impact of urban development on the 
ecological environment. 

Natural water bodies such as rivers, lakes, and groundwater aquifers are the most 
important aquatic elements of the local ecological setting. These water bodies 
closely interrelate with other natural elements such as forests, grasslands, and 
wetlands, forming the basic physical framework of an ecosystem. As discussed in 
Chapter 3 of this book, any engineering constructions and facilities built in a city 
should not jeopardize the healthy circulation of water and materials in this 
ecosystem. To achieve such a goal, it is essential to prioritize the protection of 
the original ecological setting of the whole urban area. The model of Urban 
Water System 3.0 (Figure 3.4, Chapter 3) shows such a basic system setting. 
Therefore, strategically, a successful SCC project needs a scientifically 
reasonable plan at a higher level. 

Currently, for some cities and their related watersheds in China, severe pollution 
of natural water bodies and deterioration of the eco-environment are important 
factors restricting sustainable urban development. The restoration of these 
damaged aquatic and ecological units should principally be put into the SCC 
objectives, especially the introduction of green technologies. However, as such 
problems are usually of large scale or cover broad areas, their solutions may also 
need to be within a master plan of a regional scale. 

The third aspect, namely the reduction of the impact of urban development on the 
ecological environment, is usually related to specific objectives that may be 
achieved by implementing projects of limited scales. Adaptation of various 
technologies with the LID scheme to local conditions should be the principle in 
this regard. 

Within the abovementioned strategic framework, many studies have been 
conducted to formulate applicable technical guidelines at national and local 
levels, such as the earlier document of ‘Technical Guidelines (Tentative) for 
Sponge City Construction — Low-Impact Development Rainwater System 
Construction’ by MOHURD (2014), and the recent document of ‘Technical 
Specification for Construction of Sponge City’ by Shanghai Municipal Housing 
and Urban-Rural Construction Management Committee (2019). Although the 
latter is a technical guideline applicable to the local situation in Shanghai, it can 
be a reference for other cities with adaption to the local conditions. 

These documents gave technical guidance on SCC project planning, design, 
construction and acceptance, operation and maintenance, and monitoring and 
control. Below, we mainly introduce the principal technological requirements and 
their characteristics for SCC project planning and design. 


11.2.2.2 Technical guidance for SCC project planning 


In the project planning stage, attention should be paid mainly to the ultimate goal of 
SCC for the whole city and/or the project area as a district of the city. It is thus 
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required that the SCC project plan be within the general scheme of the master plan of 
urban development, and coordinate closely with the related specific plans of urban 
construction. Project planning is usually conducted at three levels, namely general 
planning, unit planning, and detailed planning. 

The general SCC planning is to formulate a comprehensive set of systematic 
solutions. It usually includes the following: 


* investigation of the current situation based on the status quo survey and 
existing data, analysis of the major problems especially those related to 
urban drainage, and identification of the current and future needs; 

* proposal of the overall strategy of SCC planning; 

* determination of the urban development orientation and system layout based 
on the SCC concept, including the basic requirements for the urban functional 
group and ecological space layouts, urban space management, and control, 
and the general needs for building large ‘Sponge’ facilities in the urban area; 

* formulation of a multitarget and multi-index framework with the annual total 
runoff control as the core objective; 

* determination of the management and control objectives and associated 
indicators based on hydraulic zoning of the urban area with the overall 
SCC target of the whole area and the practical condition of each hydraulic 
zone as the constraints; 

* proposal of systematic SCC solutions for the whole urban area; 

* breakdown of SCC tasks and related subprojects, and proposal of an 
implementation strategy for each subproject coordinative to relevant 
existing urban construction plans; and 

* formulation of a short-term SCC project implementation plan. 


The abovementioned hydraulic zoning usually covers a natural watershed or 
sub-watershed, which is set as the primary control area in many cities and given 
priority in the general SCC planning. In contrast, there are so-called secondary 
control areas which often cover distinctive drainage districts. The SCC unit 
planning is, in many cases, targeting the secondary control areas. The principles 
discussed above for the general SCC planning are also applicable to the SCC unit 
planning. Conversely, at the unit planning level, the solutions worked out should 
be more problem-oriented, such as the protection of specific ecological spaces 
and proposal of green-gray technical strategies or solely gray technology 
approaches for solving specific problems. 

Detailed planning is for deciding the pathway to reaching the SCC goals set in the 
general plan and/or unit plan, identifying the direction of project implementation 
in the specific area, and determining the reasonable facility scale and 
configuration. At the detailed planning level, clear indexes should be proposed 
for the SCC project. These indexes include the control indexes to be attained by 
project implementation and some recommended indexes that are not mandatory 
but can guide the ultimate goal. By clear delineation of control lines, the scope of 
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important areas can be clarified, such as water regimes (river, lake, and so on), green 
spaces, and greening separation zones. Facility layouts in various plots of land are 
also included in the detailed planning. 

The project implementation plan will further be formulated following the 
detailed planning. It should include the following: 


* proposal of the main measures for achieving the SCC goals based on the 
practical condition and development needs in the project area; 

* selection of the most appropriate types of facilities to be implemented in the 
project area; 

* layout plan of major facilities and determination of their specifications 
associated with scenario analysis; 

* assessment of the effects of runoff control in accordance with various 
scenarios by modelling simulation and using decision-support tools; and 

* optimization of the project implementation plan by a comprehensive 
consideration of facility performance and effect, construction and 
operation/maintenance costs, and ecological and landscape benefits. 


11.2.2.3 Technical guidance for SCC project design 


SCC project design is to detail the engineering blueprints for the project 
implementation following the principles and basic requirements set at the SCC 
project planning stage. As described in the former sections, in China, the 
terminology of Sponge City principally covers a city as a whole or a district 
within a city. Therefore, what we say of an ‘SCC project’ at the planning stage of 
the project is for the whole city or city district, while the project design stage 
discusses specific issues of different scales from AREA (city area to district area) 
down to PLOT (part of the AREA with distinct features) and FACILITY 
(specific engineered and/or ecological structure or equipment) For the 
convenience of explanation, we call all the functional areas, structures, and 
equipment that perform the functions for achieving SCC goals ‘Sponge Facilities’ 
in this section. 

The SCC project design at the area level usually covers a detailed configuration 
of Sponge Facilities either by engineering construction or utilization of its natural 
functions. This needs, first, an overall analysis of the geographical environment, 
including topography, elevation, soil, green areas, water regimes, and then an 
analysis of the attainable controlling indexes, such as green coverage, water 
surface coverage, and so on, along with an evaluation of the required restoration 
and construction requirements and their feasibility. 

Residential areas, green spaces, roads, and squares are major plots within a city 
for SCC project design. Specific requirements are given to each of these plots in the 
project design. 

For residential areas, smooth drainage of local rainfall is the basic principle of 
SCC project design. It is thus required that areas with continuously paved hard 
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surfaces be minimized and sufficient permeable green area be provided at the 
downstream direction of the local drainage. In principle, the building floor 
elevation should be above the elevation of outdoor footpaths and roads within the 
residential area, and the elevation of these footpaths and roads should be above 
that of the main roads outside the residential area. The surface gradient should be 
well utilized so that all the footpaths, roads, open spaces, and outdoor parking 
lots within the residential area can be sloped towards the green areas. Drainage 
ditches and overflow outlets should be installed for large green areas. All the 
paved hard surfaces should be equipped with rainwater outlets at the lowest 
locations. 

Green spaces are important buffer zones for a city due to their soft surface to 
uptake moisture and facilitate rainwater infiltration, the combined effects of water 
purification by soil media and vegetation, and the flexibility of areal layout and 
merging with other facilities to maximize their functions. For the reasonable 
design of green spaces, three aspects should be taken into account. The first is the 
target of surface runoff reduction, the second is pollution control, and the third is 
their ecological and landscape functions. It is thus required that in addition to soil 
and vegetation beds, rainwater discharge and storage facilities be coordinatively 
introduced into the green space design. Large green spaces (e.g., over 2 ha) 
should preferably include a certain area of water surface, while for smaller ones, 
biological retention facilities should be implemented to increase the storage 
capacity. Wet ponds and constructed wetlands are also preferable facilities for the 
reduction of pollutants. 

Roads, especially motorways, are inevitable paved hard surfaces, and organized 
convergence and transfer of rainwater are the key points of their design. This usually 
needs combined gray-green measures, namely, a good drainage system and an 
associated green divider and a green buffer zone. For footpaths and roadside 
walkways, permeable pavements are recommended. Similar measures are also 
applicable to the design of squares. 

Detailed guidance is given to the design of typical sponge facilities, such as green 
roofs, rain gardens, grass ditches, permeable pavements, ecological tree pools, 
storage facilities, initial rainwater disposal facilities, wet ponds, and vegetation 
buffer zones. The selection of these sponge measures is based on the technical 
and economic feasibility and adaptability to the local conditions. 


11.2.2.4 Guideline for remediation of urban black and odorous waters 


The so-called ‘black and odorous water’ is a problem drawing wide concern in 
China. This is a new category of heavily polluted waters, mostly in densely 
populated urban areas, with the characteristics of: (1) severe pollution with high 
concentrations of organic matter and nutrients (nitrogen and phosphorus) from 
domestic sewage and industrial wastewater, resulting in dissolved oxygen 
depletion, (2) probable emission of methane, hydrogen sulfide, and other 
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insoluble gases from the bottom sediments under acidic and anaerobic conditions, 
making the water appear black with a smelly odor, and (3) poor water circulation 
and declined reoxygenation ability to stimulate blue and green algae bloom. 
According to the MOHURD data (unpublished), there were 2899 outbreaks of 
black and odorous waters (2548 as urban rivers/streams and 351 as urban 
lakes/ponds) in 295 cities of prefecture-level and above by. Therefore, the 
remediation of black and odorous waters has become an extremely urgent 
nationwide task as required by the national Action Plan for Prevention and 
Control of Water Pollution (State Council, 2015), as well as the program of 
sponge city construction. 

Specifically, for the remediation of urban black and odorous waters, a technical 
guideline was put forward by the Ministry of Housing and Urban-Rural 
Development (MOHURD, 2015). As the black and odorous waters can no longer 
be evaluated using traditional methods, such as the classification of surface water 
quality following the Environmental Quality Standard for Surface Water (SEPA 
and GAQSIQ, 2002), new criteria for evaluating such heavily polluted waters 
were proposed as shown in Table 11.1 Four characteristic parameters, namely, 
water transparency, dissolved oxygen (DO), oxidation-reduction potential (ORP), 
and ammonia nitrogen (NH3-N), were used for evaluating the severity of water 
pollution and categorizing the waters into two classes of ‘mild’ and ‘severe’ black 
and odorous. 

The recommended technologies for the remediation of urban black and odorous 
waters are shown in Figure 11.1. This is a framework of 12 applicable measures of 
four categories for external source control, internal source removal, ecological 
restoration, among others. 


11.2.3 Criteria for National Pilot Project Evaluation 


The national standard for SCC assessment and the related technical guidelines 
provides the basic requirements for SCC project planning, design, construction, 
and evaluation in the whole country. However, as the national pilot projects 
implemented in the 30 selected cities (see the following sections for details) are 
to demonstrate replicable models for other cities to follow, higher requirements 


Table 11.1 Criteria for evaluating black odorous waters (MOHURD, 2015). 


Characteristic Parameter Mild Black Severe Black 
Odorous Water Odorous Water 

Water transparency (cm)* 25-10 «10 

DO (mg/L) 0.2-2.0 «0.2 

ORP (mV) —200-50 <—200 


NHs-N (mg/L) 8.0-15.0 >15 
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Black and odorous water 
restoration 


a a = 3 


Fela Internal source 
interception and Ecological restoration Other measures 
source control removal 


H 


aa 


i 


E i 


Interception pipelines 
Non-point source 
control 
Garbage removal 
Bio-debris removal 
Sediments dredging 
Shoreline restoration 
Ecological purification 
Artificial aeration 
Water circulation 
Water replenishment 
In-situ treatment 
Bypass treatment 


Figure 11.1 Recommended technologies for the remediation of urban black and 
odorous waters (adapted from MOHURD, 2015). 


are given for these pilot SCC projects. Table 11.2 summarizes the criteria for 
evaluating the pilot SCC projects. 


11.3 NATIONAL PILOT PROJECTS OF SPONGE CITY 
CONSTRUCTION 
11.3.1 Cities selected for pilot projects implementation 


Tables 11.3 and 11.4 outline the pilot cities of the first batch (selected in 2015) and 
second batch (selected in 2016), respectively, along with their geographical 
locations and features, administrative levels, and population sizes. 

As shown in Figure 11.2, geographically, these pilot cities are distributed over 
the North, Central, South, East, Northeast, and Northwest regions of China, 
covering plain, mountainous, hilly, coastal, and island areas. As the topography 
of mainland China is generally featured by higher altitude in the west and lower 
altitude in the east, many large rivers, such as the Changjiang (Yangtze) River 
and Huanghe (Yellow) River, originate from the western plateau and flow 
eastward to the sea. 

With the great differences among these pilot cities, in terms of their geographical 
locations and topographic features, the climatic and meteorological conditions also 
differ considerably from each other. The latitudes of these pilot cities lie between 
46°N for Baicheng (No. 5 in Table 11.3) and 18°N for Sanya (No. 10 in 
Table 11.3). Therefore, the annual average temperature can differ by up to 20°C 
(5.5°C for Baicheng, and 25.8°C for Sanya). Similarly, the annual precipitation 
across mainland China varies greatly. In the southeast coastal area, it is more than 
1600 mm per year and decreases toward the northwestern direction. In North 
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Figure 11.2 Distribution of SCC pilot cities of the first batch (red dots and city names) 
and second batch (blue dots and city names) in China (figure by authors). 


China, the annual precipitation is usually about or less than 500 mm. There are 
also large areas in the Northwest region where the annual precipitation can fall 
below 100 mm. Across the 30 SCC pilot cities, the highest annual precipitation 
of as high as 1999.3 mm (long-term average) was recorded in Zhuhai (No. 8 in 
Table 11.4), located at the South China coast. Also, the lowest annual 
precipitation of 327 mm (long-term average) was recorded in Xining (No. 13 in 
Table 11.4), located at the Northwest arid loess area. 

As a result of rapid urbanization in the past decades, many cities have developed 
into very populated megacities or large cities. As shown in Tables 11.3 and 11.4, 
categorized by population size, these pilot cities fall into five groups, namely, 
population >10 million (six cities), population of 5-10 million (eight cities), 3—5 
million (three cities), 1—3 million (ten cities), and 0.5—1 million (three cities). 


11.3.2 Classification of SCC strategies and demonstration 
technologies 

The objective of implementing the SCC pilot projects in these cities was to explore 
reproducible success models and accumulate experiences for all cities in China to 
follow to realize the national goal of making cities sponge-like and adaptable to 
environmental changes and resilient to natural disasters. As discussed in section 
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11.3.1, the selection of these pilot cities considered the great variety of geographical 
and natural conditions over the whole country. Based on natural factors, the SCC 
strategies and associated demonstration technologies for these pilot cities are 
summarized in Table 11.5. 


11.3.3 Progress of national pilot projects 


After their selection in 2015 (the first batch) and 2016 (the second batch), the 30 
pilot cities initiated the implementation of various SCC projects in accordance 
with the goals set in their proposals for the pilot projects, aided by the central 
government over three years. By the end of 2019, all these cities had completed 
their planned work and received inspection and evaluation organized by MOHURD. 


11.3.3.1 City scale SCC planning 


AS a prerequisite, each of the pilot cities formulated a city-scale SCC plan in which 
the goal of urban construction and development toward a sponge-like city was set, 
the corresponding blueprint was plotted, and a general framework was proposed. 
Such a general plan is principally within the scope of the city’s master plan of 
urban development and based on a comprehensive analysis of the current 
problems, especially those related to the water environment. As shown in 
Table 11.5, cities in different regions are facing a variety of problems closely 
related to climatic and geographic conditions. This leads to an identification of 
the bottleneck problems and the main SCC strategy. 

For many pilot cities, the formulation of the city-scale SCC plan is a pro